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of the Board of Trustees of the University of Illinois on De- a 
cember 8, 1903. It is the purpose of the Station to conduct — 


investigations and make studies of importance to the engineering, 
manufacturing, railway, mining, and other industrial interests of the 
State. : 
The management of the Engineering Experiment Station is vested 


ns in an Executive Staff composed of the Director and his Assistant, the 


Heads of the several Departments in the College of Engineering, and 
the Professor of Industrial Chemistry. This Staff is responsible for 


ay the establishment of general policies governing the work of the Station, 


including the approval of material for publication. All members of 


the teaching staff of the College are encouraged to engage in scientific 


research, either directly or in codperation with the Research Corps 
composed of full-time research assistants, research graduate assistants, 
and special investigators. . 

To render the results of its scientific investigations available to 
‘the public, the Engineering Experiment Station publishes and dis- 
tributes a series of bulletins. Occasionally it publishes circulars of 


timely interest, presenting information of importance, compiled from > 


various sources which may not readily be accessible to the clientele 
of the Station, and reprints of articles appearing in the technical press 
written by members of the staff. 

The volume and number at the top of the front-cover page are 
merely arbitrary numbers and refer to the general publications of the 
University. Hither above the title or below the seal is given the num- 


ber of the Engineering Experiment Station bulletin, circular, or reprint - 


which should be used in referring to these publications. 
For copies of publications or for other information address 
Tuer ENGINEERING EXPERIMENT STATION, 
UNIVERSITY OF ILLINOIS, 
Ursana, ILLINOIS 
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: AN INVESTIGATION OF REINFORCED jks) = 
t CONCRETE COLUMNS ‘e = 
; I. InTROpUCTION ier 
1. Origin and Object of Investigation.—The strength of reinforced 


concrete columns, their behavior under various conditions of loading, 


| and proper rules for their design have been the subject of intense 


ay — 


: 


interest and frequent controversy among structural engineers during 
the past thirty years. Much of the difference of opinion centers about 
the action of helical or so-called spiral reinforcement, introduced about 


1899 by A. Considere.* Considere made tests and displayed remark- 


able insight in explaining the complex action of such reinforcement; 
he was followed by a long line of experimenters, including Mérsch, 
Talbot, Bach, Graf, Withey, Emperger, von Thullie and many others, 
who in the period 1900 to 1916 studied various phases of concrete 


column action. Of more than 1600 published concrete column tests on 


_ record in 1930, (about two-thirds made in Europe and one-third in the 


United States) 97 per cent had been made before 1916. While these 
tests furnished the basis for present design practice, they cannot be 


unified because of wide differences in testing technique, incomplete 


records, variations in quality of materials, and a great lack of modern 
strain measurements. In 1921, F. R. McMillan demonstrated the im- 
portant effect of shrinkage and time yield of concrete upon the defor- 
mations and the resulting stresses in the reinforcement. This develop- 
ment, together with the growing use of materials outside the range 
of test information, led to a plan in 1929 for a comprehensive column 
investigation under the direction of Committee 105 of the American 
Concrete Institute. Codperative agreements were made between the 
Institute and both the University of Illinois and Lehigh University to 
carry out the test program, much of which was duplicated at the two 


laboratories. 


2. Acknowledgment.—The investigation described herein was con- 
ducted as part of the work of the Engineering Experiment Station of 
the University of Illinois, under the administrative direction of DEAN 
M. S. Ketcuum, Actinc Dean A. C. Winxarp, and Pror. M. L. ENGEr, 
Head of the Department of Theoretical and Applied Mechanics. 


*A, Considere, “Experimental Researches in Reinforced Concrete,” translated by L. S. 
Moisseiff, 1906. 
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The American Concrete Institute was represented by an Advisory 1 
Committee (its standing Committee 105 on Columns) having the ~ 


following membership: 


W. A. Suater, Chairman; Director, Fritz Engineering Laboratory, 4 


Lehigh University, Bethlehem, Pa. (died October, 1931) 


R. L. Bertin, Chief Engineer, White Construction Co., New York, | 


Nee: 

F. R. McMutan, Director of Research, Portland Cement Associa- 
tion, Chicago, Ill. 

W. S. THomson, Chief Engineer, Kalman Steel Co., Chicago, Ill. 


R. D. Snoperass, Cons. Engineer, Truscon Steel Co., Youngstown, — 


Ohio. 

P. H. Bares, Chief, Clay and Silicate Products Division, Bureau of 
Standards, Washington, D. C. 

Incr Lyse, Research Associate Professor, Fritz Laboratory, Lehigh 
University 

W. F. ZasriskKig, Vice-Pres. and General Manager, Gabriel Steel 
Co., Detroit, Michigan. 

F. E. Ricuart, (Chairman since October, 1931). 

This Committee defined the scope of the investigation and took a 
very large part in planning the test program. 

Assistance on the investigation was received from many sources; 
much of this was essentially a contribution to the American Concrete 
Institute Column Test Fund and has been acknowledged elsewhere. 
Various materials were furnished by the Lehigh Portland Cement Co., 
the Lincoln Sand and Gravel Co., The Neal Gravel Co., Kalman Steel 
Co., Truscon Steel Co., Franklin Steel Co., Inland Steel Co., American 
Steel and Wire Co., and the American System of Reinforcing, and in 
this connection especial acknowledgment is due Mgssrs. J. C. PEARSON, 
W. 8S. THomson, Stanton Wa.ker, R. W. JoHnson, A. E. Linpat, 
M. E. Capoucnu, and H. P. Bicurr. An electric vibrator was kindly 
loaned for the work by the Electric Tamper and Equipment Co. In 
connection with the tests, acknowledgment is made of the efficient 
help of the late Mr. Gmpurt C. StanHie, Associate Engineer, Port- 
land Cement Association, whose services were furnished by his or- 
ganization throughout 1930, and of the interested and loyal assistance 
of Messrs. LeRoy Tucker and T. G. Taytor, Research Graduate As- 
sistants, and others of the laboratory staff. 


3. Program of Tests—The investigation was divided into 8 groups 
or series, with 325 tests made at Illinois and 239 at Lehigh, making a 


a 


| os 


' 
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_ total of 564 column tests. Of these, Series 1, 2, 3, and 7 were dupli- 


cated at the two laboratories, Series 4 was carried on at Lehigh only, 
and Series 5, 6, and 8 at Illinois only. A condensed schedule of the 
tests is given in Table 1, as carried out with slight departures from the 


_ original plan. While the purpose of each series is given in detail in 


Chapters III to X, the following characterization provides a con- 


_ venient summary of the scope of the investigation: 


Serres 1. A study of different end details used with the object 
of producing stress conditions in the test columns truly represen- 
tative of conditions in columns in practice. 

Series 2. A study of the effect of holding load increments at 
high stresses for periods of several hours as compared with rapid 
loading to failure. The tests covered a wide range in quality of 
materials and in amount of reinforcement. 

Series 3. A study of the effect of shrinkage and time yield, with 
columns held for a year or more under sustained working loads, 
on the deformations and on ultimate strength. 

Serres 4. Similar to Series 3, but with sustained loads near the 
ultimate strength rather than at working stresses; the object here 
being to determine the strength of a column loaded for an indefinite 
period. 

Smrtes 5. Since the majority of the columns tested were of 8-in. 
core diameter, this series, with diameters of 8, 12, 20, and 28 in., 
and other proportions similar, was added to study size or scale 
effects. 

Series 6. This group of columns, similar in size to those of 
Series 5, was the only one in which protective shells (2 in. thick) 
were provided outside the spiral reinforcement. 

Series 7. Essentially a continuation of Series 2, this series pro- 
vided a comparison of the effectiveness of cold drawn wire and 
intermediate grade hot rolled spiral reinforcement. 


Series 8. An outgrowth of Series 1, this series was designed so 
that stress was transmitted to the longitudinal reinforcement solely 
through bond. Both rapidly applied and sustained loads were used. 
In addition to the tests made in codperation with the American 

Concrete Institute, a group of private tests was made for the Concrete 
Reinforcing Steel Institute, in collaboration with their Engineer, Mr. 
R. W. Johnson. Since the tests were made under quite similar con- 
ditions, and the data have been very kindly released for publication, it 
seems desirable to include them in this bulletin. The tests, which will 


ILLINOIS ENGINEERING EXPERIMENT STATION 


“Wd19zUT t O‘a‘V 8 Te 
“Ul1OqUT P “WIJOQUT a 
“UnIE4Uy FHT “ULI99UT Vv 8 8 
“UlI04UT + ‘HT ‘O “ULIOJUT a 
OTT ‘HT ‘O “unI94Uy a 
T OTM 9 ‘KI ‘oO “uIIA4yUy a 8 oe 
z z ce Ww T “UlIa4yUT - “UII84Uy V SZ 
4 b A Ww T “ULI09UT + “ULIOJUT a‘v 0Z 
2 ¥ ut Ww if “ul199 UT $ “ULI0qUT ad ‘Vv a 
¥ ¥ ut Ww T “ULIO4UT if “uIIeZUy a‘v 8 9 
¥ 1g ni WwW u “WI8yUT b AT “U119}UT Ae 8% 
8 8 i WwW I “ULI8qUT FST *ULI94UT Vv 0G 
8 8 a Ww 7 “UlI9} UT b'HXT “uL194UT a ‘Vv aI g 
pP H2, a7euITyN a z “uII0qUT 9 “ULIO4UT a 
Iz 1% Ivan al Cart) “UlIO4Uy P *ulIe4UyT a 8 P 
eb a et a‘w 0 0 Oe 
g $ 5 “XN (a z “UlI94Uuy 9 ‘AT “ULI93UT a 
9T 8 8 igeRs a T ‘0 “ULI0} UT 9 ‘KT “WIE4UT eH 
SF xg ¥S TOV a z “uII8qUT 9 ‘AT “ULIOJUT 0 id iv 
baae GL GL TO'V d ‘W z‘T ‘0 “uLIe4UT t "uLIO}UT 0‘d'‘v 8 g 
Lt IZ 9% 8 ‘a Ww 0 0 CO -de Vv 
91 8 8 A Ww T “uIIEqUyT 9 ‘F ‘ST ‘0 “UL194UT a 
$% aI aL 8 ‘a Ww T “U118qUT 9 ‘%I‘O “UlI04UT a 
ey 
SL 98 98 S$ ‘a Ww i! “ULI0} UT ¥ zo Oo) Sv 8 G 
“ULI84qUuy 
8T 8 Or a W IT “ULIOYUT - *ULIO}UT Q10g 8 I 
wal "TIL Nt que0 ag open yus0 log open 
ToL | yay jo | ao"Tory | MOIS = S 
7 “A | pouregsng | SE =— AT) siq = q oo0s= da oos=a|] “uw ‘ON 
ySIOWW = W Tertdg Teurpnyisu0T 000¢ = O 0006 = V | “WIC | gariag 
8381049 3309149 94a19U0—Z) 3109) ‘ 
SUUIN]OD JO “ONT SuIpeoT, quoweos0yurey 


84eINU0D “UI-Z 8 “Q SeLIag UT “YSNF [9038 puv ayor0U0D YILA ‘guujd 010M spe oy} Salles Jey 
‘ouuyd (8) a10M | soLiag UI SUUM]OD Jo suOT|IpUCD pu 


peddey yy1m (0) pure ‘speyideo y31M (q) 


“SB[NUIIO} USISEp *X*N JO “[‘O°y WoIZ poynduroo o19M spo] poureysng ~oqyeordiy Ul ‘suumyoo ureyd 
+£10}IOQG"] Yove 48 9380T[dNp ul epeUT a0M sUUINIOO pediojulod ‘[e1oues UT “SeLIas I9q}0 UI pasn oem sTOYS Ou ‘qUeWIe0IOJUIeI Tellds 94} OpIs}]no paprlaoid sem Toys 
90 UI ‘qUSUIE0IOJUIBI JO SULI¥Eq pus OU SEM 919} ‘g SOLIOG UL ‘sods [amop 
WY “49JoUreIp 0100 94} SeUIT} ¢°y SEM UUINIOD jo 4ySuUa] ayy saseo [Te uy 


WVHDOUd ISH], 40 ANITLAG GaSNHaNO.) 


I WIavy, 


AN INVESTIGATION OF REINFORCED CONCRETE COLUMNS 11 


be called Series 31, cover the use of longitudinal reinforcing steel 


having a very high elastic limit, and thus greatly supplement the data 


of Series 2. 


Progress reports on the tests at both the University of Illinois and 
Lehigh University have been presented to the American Concrete In- 
stitute and published in its Proceedings.* 


II. Marertats AND MAKING or TEst Pieces 


4. Materials—Lehigh Portland Cement was used in making all 
columns. It was stored in wooden barrels in a dry room until used. 
The strength, as shown by mortar and concrete tests, was uniformly 
high, and in all respects the material satisfactorily met the current 
standard specifications. 

Torpedo sand from Lincoln, Illinois, and a Wabash river gravel, 
having respective fineness moduli of 2.72 and 6.85, were used in all 
columns except those of Series 1. In these, the Wabash river sand and 
gravel had respective fineness moduli of 3.03 and 7.21. The coarse 
aggregate was of 34 in. maximum size, so chosen because of the close 
pitch of column spirals. 

The concrete mixtures used were designed to produce cylinder 
strengths of 2000, 3500, 5000, and 8000 lb. per sq. in. at 56 days, ex- 
cept in Series 1, wherein the tests were made at the 28-day age. A 
workability as shown by 3- to 6-in. slumps was chosen, except in the 
case of the 8000-lb. concrete, where a drier consistency was chosen for 
placing with the aid of a high-frequency electric vibrator. 

The proportions of concrete materials used in all columns are given 
in Table 2. The strengths of control cylinders, and, in some cases, 
their moduli of elasticity, are reported with the column test results 
from the several series. 

The reinforcing steel was from various sources and of many sizes 
and grades. Average properties of the various lots of steel are given 
in Table 3. Properties of certain lots which have unusual significance 
will be described later in connection with the various column tests. 


5. Details of Test Columns—Of the entire lot of columns tested, 
all but 34 were of 8-in. diameter. All (except two of Series 1) were 
cylindrical, with a length seven and one-half times the core diameter. 
In all but those of Series 6, the fireproofing was omitted and the spiral 


*See Proceedings, American Concrete Institute, Vol. 27, p. 677-835, 1931; Vol. 28, p. 159-176, 


- ; Vol. 29, p. 275-284, 433-443, 1933. 
Ny ie og tatsoetttions for Portland Cement,’’ 1933 Book of A.S.T.M. Standards, Part II, 


p. 3-5. 
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TABLE 2 
Data or ConcrETE MIxTuRES 


ials.—Lehigh portland cement, Lincoln, Ill. sand, Attica, Ind. gravel. Unit weight of — 
ee Settod: dry, rodded-sand 110 lb. per cu. ft., gravel 100 lb. per cu. ft. 


————— Eee 
Water-Cement Ratio 


igned . 2 
gations Series Proportions by weight 
Tb. per Number cement, sand, gravel by gallons 
sq. in. volume per sack 
, 8, 31 1:4.05 : 4.95 1.40 10.5 
ci Ceres 1:4.05:4.95 1.40 10.5 
5,6 1: 3,83 : 4.67 1.40 10.5 
1: 4.18 : 5.27* 1.50* 11-25* 
3, 7, 8, 31 1 : 3.27 : 3.98 1.10 8.25 
sa : } 1: 3.27 : 3.98 1.10 8.25 
1:3.15: 3.85 i ee 8.25 
5000 2,35 4 ok 1 : 2.25 : 2.75 0.80 6.0 
8000 2 1:1.01 : 1.24 0.50 3.75 
*Used in 28- and 32-inch columns to reduce ultimate column strength. 
TABLE 3 
AVERAGE TENSILE PROPERTIES OF REINFORCING STEEL 
Nominal sizes of bar used in all computations 
Rail steel bars were plain square, all others deformed 
Yield Point* ; 
Bar No. Grade lb. per sq. in. aaa Elong. Used 
cline ot Or trength | in 8in. in 
z 7 Ib. pec per Series 
in. Tests Steel on icant No 
Maximum | Minimum | Average ak F 
LONGITUDINAL STEEL 
4% rd 24 Interm. 50 600 43 800 45 600 73 300 19.5 2,3 
4% rd 4 Interm. 47 500 54 600 50 500 75 200 23.9 8 
% sq 3 Interm, 48 300 47 700 47 900 74 900 22.3 x 
% sq. 182 Interm. 57 000 50 800 53 400 83 200 21.4 2,105 Oy 7 
Y% sq. 10 Interm. 45 000 42 400 43 600 67 500 21.9 8 
% sq. 26 Struct. 42 100 36 700 40 400 59 300 28.2 2 
4 sq. 24 Rail 75 400 63 000 68 300 109 100 16.0 2 
% sa. 16 Hard 75 400 70 400 71 700 135 800 Tod 31 
% sq. 16 Alloy 97 800 94 300 96 400 133 200 11.2 31 = 
Se rd. 22 Interm. 43 600 35 800 39 300 61 800 og Se 2,3) @ es 
34 rd. 32 Interm. 54 000 48 600 51 100 84 500 21.2 PIE FY fi 
K% rd. 45 Interm. 43 300 40 200 41 700 69 700 26.0 5,6 . 
1 rd. 16 Interm. 56 200 48 700 50 400 83 900 23.3 5, 6 
1\% sq. 8 Interm. 46 300 43 400 45 300 79 000 19.0 5,6 
Hot-Rouuep Sprrat Rop 
No. 5 19 Interm. 53 000 44 500 49 400 79 500 14.5 2, 3,6 
No. 5 15 Interm. 68 100 60 300 64 000 99 700 13.9 31 
1/4 69 Interm. 52 800 39 700 48 200 74 200 19.0 3, 5, 6, 7,8 
5/16 10 Interm. 47 100 39 700 44 500 75 500 20.0 5, 6 
3/8 25 Interm. 45 200 38 000 41 300 71 000 22.6 5,6 
Brigut Cotp-DrRaAwn WIRE 
3/16 2 Wire 49 000 47 000 48 000 81 900 niaPeie 1 
No. 5 6 Wire 85 200 75 300 80 400 90 000 3.0 Z 
1/4 6 Wire 90 000 74 500 83 200 109 400 4.3 v 


*No yield point on spiral stock. Values given represent a ‘‘useful limit” of the material, and are 
stresses at a unit elongation of 0.005. This elongation is based upon observations of spiral strains at the 


(See Bulletin 190, 


ultimate load on columns made with various percentages of spiral reinforcement. 


Univ. of Ill. Eng. Expt. Sta.) 
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TABLE 4 
Derarts oF REINFORCEMENT USED In Test CoLumMNs 
Nominal sizes of reinforcement are used in all calculations 


ed 


Longitudinal Bars Spirals 
Core* | Heicht 
Diam. | 74° % Used Used 
in. ft.—in. Number Liar in Si Pitch Per- in 
and Size Series Nee in. cent- Series 
Bee No. ee No. 
8 5-0 4-l4-in. rnd. 1.57 2, 3,8 3/16 in. 1.35 1.00 1 
8—l4-in. sq. 3.98 12.3 No.5 (0.207in.)| 1.35 1.24 2,3,6,7,31 
4-464 “ 6, 7, 8, 31 
2-$fin. ind. | 5-94 PLEX (i Y in, 1.19 2.00 me 
12 7-6 4—34-in. rnd. 1.56 5, 6 4 in. 1.60 1.00 5, 6 
8—%-in. rnd. 4.25 5, 6 : 
20 12-6 8-—%-in. rnd. 1.53 5, 6 5/16 in. 1.51 1.00 5, 6 
16— 1-in. rnd. 4.00 5, 6 
28 17-6 12— 1-in. rnd. 1.53 5,6 34 in. 1.56 1.00 5, 6 
16-1 %-in. sq. 3.28 5,6 
, 


*Percentages of reinforcement based on this core diameter, out to out, of spiral. 


reinforcement was practically at the column surface. In Series 6, a 
2-inch thickness of fireproofing was used. As the result of the tests 
of Series 1, all columns except those of Series 8 were made with the 
milled ends of reinforcing bars flush with the concrete bearing faces. 
In Series 8, the ends of the bars were stopped ¥%4 inch short of the end 
of the column, so that no bearing was transmitted to the bars. 

The 8-in. columns were designed to have three percentages of longi- 
tudinal steel, 1.5, 4, and 6, and two percentages of spiral, 1 and 2. The 
larger columns were designed for 1.5 or 4 per cent of longitudinal steel 
and 1 per cent of spiral. The commercial sizes chosen to meet these 
designed values are given in Table 4, to which reference may be made 
in connection with the tabulated results of all tests. The number of 
bars selected are in multiples of 4, to facilitate strain measurements 
on four sides of each column. The largest amount of longitudinal steel 
used in the 28-in. columns was 3.28 per cent. The original design 
amount of 4 per cent was reduced in this case to avoid exceeding the 
capacity of a 3 000 000-lb. testing machine. Another variation from 
the design percentage is seen in the 1.24 per cent of spiral reinforce- 
ment for 8-in. columns. With the smallest size of hot-rolled spiral rod 
available this was the smallest percentage possible without exceed- 
ing a pitch of one-sixth of the core diameter. 


6. Fabrication and Curing of Columns.—The concrete was mixed 
in a one-bag batch mixer, the usual mixing time being 4 minutes. For 
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Fic. 1. Puactna Concrete rn LArcn CoLuMNsS f 


the 8-in. columns all aggregates were reduced to a room-dry condition 
previous to use. All materials were measured by weight. The 8-in. 
columns were made from a single batch, with sufficient excess to per- 
mit the making of six companion 6 by 12-in. cylinders. The concrete 
’ was puddled with the aid of a steel tamping rod and a light air-ham- 
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Fig. 2. Piactna ConcrETE IN SMALL COLUMNS 


mer used on the outside of the form. In moulding the larger columns 
each batch was hauled to the form in a bottom-dump bucket mounted 
on a truck, lifted by a 10-ton crane, and discharged into the form, as 
shown in Fig. 1. The largest columns required 25 batches of concrete 
and weighed about 8 tons. 

The 8- and 12-in. forms were made of steel pipe, split into quad- 
rants and held together with circular clamps. Joints in these forms 
were sealed with paraffin previous to casting columns. The larger 
forms were standard steel column forms, furnished by the Kalman 
Steel Company. 

The vertical bars used in all columns were milled to exact length, 
then wired to the spirals to form a unit or cage. The unit was placed 
on a machined base plate, the form assembled around it and plumbed. 
To insure that the ends of bars remained in a plane, a machined 6-in. 
pipe flange (for the 8-in. columns) was forced down against the upper 
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Fic. 3. ENp View or SMALL CoLUMNS 


ends of the bars, and the concrete placed in the column through the 
6-in. opening in the flange, as shown in Fig. 2. For the larger columns 
it was found satisfactory to assemble the reinforcing unit in a vertical 
position on the base plate before wiring, with the result that the weight 
of the bars held them in contact at the bottom. In casting columns, 
the concrete level was brought nearly to the tops of the reinforcing 
bars. After the concrete had stiffened, a thin layer of neat cement paste 
was applied to the top and a machined bearing plate pressed down 
on this cap until it rested firmly on the milled ends of the bars. With 
this technique it was not difficult to bring the ends of the bars into 
the plane of the cement cap, as shown in Fig. 3. 

Forms were removed from the 8-in. columns the day after mould- 
ing, gage lines were prepared by exposing the reinforcing steel and by 
setting small steel plugs in the concrete with quick-setting cement. 
Gage holes were drilled for strain measurements with a No. 54 drill. 
Initial strain readings were taken, gage holes were given a coating of 
vaseline to prevent corrosion, and the columns were placed in the moist 
room for the remainder of the 56-day moist storage period. The air 
of the moist room was kept saturated by humidifying sprays and the 
temperature was held at 70 deg. F., with an average weekly varia- 
tion of about one degree. Due to the size and weight of the large 
columns it was impossible to place them in the moist room. They were 
stored in the main crane bay of the laboratory, under burlap which 
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was wet down generally three times a day. The temperature of the 
room during the curing period (June to September) ranged from 70 
to 85 deg. F. The temperature beneath the wet burlap was lower, and 
the average value did not vary greatly from 70 deg. F. 


7. Testing Methods.—All columns except those of Series 3 and 4 
were tested to failure in one of four testing machines, a 3 000 000-lb. 
Southwark-Emery hydraulic machine, a 600 000-Ib. Riehle, a 400 000- 
Ib. Riehle, and a 300 000-Ib. Olsen screw-power testing machine. A 
rate of loading was chosen for the hydraulic machine comparable with 
the speeds obtained with the screw-power machines. 

Load was applied to the columns through a spherical bearing block 
at the top, and in some cases through both top and bottom blocks. 


- After a small zero load was applied, these blocks were wedged in a 


fixed position to prevent rotation. The columns were thus loaded as 
“flat-ended”’ columns. 

Strain measurements were made by the use of various types of 
gages. In the majority of the work longitudinal strains were measured 
with a 10-in. Whittemore gage at gage lines on four sides of the 
column on concrete and on steel. The centers of these lines were 
located 10 inches from the top and bottom of the column, and at mid- 
height. Lateral deformations were measured by use of a special gage, 
on diametral gage lines. Other gages used were a 10-in Berry gage, 
8-in. Berry gages with long legs which were used on the columns 
having 2-in. protective shells, a 50-in. direct reading gage which was 
used to measure changes in length during moist storage, and a 10-in. 
direct reading gage used to read large strains beyond the range of the 
Whittemore and Berry gages. The precision of these gages was con- 
sidered satisfactory for the purpose. 


III. Serres 1. Errect or ENp ConpiTIons or TEST COLUMNS 


8. Types of End Conditions——This group of ten columns was de- 
signed to furnish information as to the most desirable type of end 
condition to be used in the columns of the later series of tests. Four 
types of end condition were included in the group, with two columns 
of each type except Type 1, for which there were four. Figure 4 shows 
details of the four column types. All of the columns had eight %-in. 
square bars (4 per cent) of intermediate grade, and 34 ¢-In. cold-drawn 
wire spirals, 8-in. outside diameter, and 1.35-in. pitch (1, per cent). 
The columns of Type 1 had the ends of the reinforcing bars flush with 
the ends of the concrete. In Type 2, a capital 15 in. in diameter and 
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18 in. long was added at each end of the column shaft, making the 
total length 8 ft. The reinforcing bars extended into these capitals to 
a point 3 in. from the end bearing faces, but the spirals were stopped 
12 in. from the ends of the column. No other reinforcement was used 
in the capitals. In Type 3 a 20-diameter splice was made in the longi- 
tudinal bars at each end of the column. This was done by stopping the 
main bars 3 in. from each column end and using 13-in. dowel bars 
which ended flush with the column ends. Type 4 was like Type 3 
except that a 15-in. lap (30 diameters) was used. The dowels were ~ 
wired to the main longitudinal bars. Properties of the reinforcing steel 
are given in Table 3. 


9. Results of Tests of Series 1—The columns were tested after 
28-day moist curing, with the load applied in about 10 increments up 
to failure. A full set of strain measurements was taken at each load 
increment. In the columns having lap splices in the reinforcement 
strains were read only on the main bars, not on the dowel bars. Figure 
5 shows views of columns of Types 1 and 2 during testing. 

Since the spiral wire used was of relatively low strength, approxi- 
mating intermediate-grade hot-rolled rod, and the concrete was of 
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relatively high strength, the one per cent of spiral did not add a very 
large margin of strength beyond the yield point of any of the columns. 
Little lateral deformation was noted until the yield point of a column 
was reached, and no appreciable spalling occurred until shortly before 
the ultimate load was reached. The spiral wire did not break until the 
maximum load had been passed; then failure occurred by the snapping 
of one or more wires and outward buckling of the longitudinal bars. 

The manner of failure of the two columns of Type 2, with capitals, 
is noteworthy. Column g failed in the shaft in much the same manner 
as the other columns, but breakage of spiral wire after failure was 
prevented by splitting of the capital at the top of the column. The 
strength of this column was equal to that of the strongest column of 
Type 1. Column j failed through the splitting of both capitals, before 
the full strength of the shaft had been developed. 
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TABLE 5 
Resvuuts or Tests or Cotumns or Spries 1 


Reinforcement, 8-}4-in. squares, intermediate grade. 
Spirals, 3/16-in. cold-drawn wire, 1.35 in. pitch. — 
Spirals 8 in. outside diameter, core area 50.2 sq. in. 
Cylinder strengths represent average of three tests. 
Age of columns and cylinders at test, 28 days. 


Maximum Load 6 by 12-in. Cylinder 
Com- 
Type |Column| End Conditions ee pressive 
Bros Ib Ib. per Dae o Slump Strength 
sq. in Type 1 in. Ib. per 
sq. in. 
1 a Bars milled, ends 376 300 7500 6.3 5080 
b flush with con- 367 000 7300 6.3 5080 
h crete 358 700 7150 4.2 5220 
k 374 100 7450 4.4 5310 
Av 369 200 7350 100.0 5.3 5170 
2 £ Enlarged capitals 376 900 7510 4.4 5220 
j at ends 347 000 | 6910 4.2 5310 
Av 361 900 7210 98.1 4.3 5265 
3 Cc 20-diam. lap of 331 000 6600 2.8 5240 
d bars. Dowels 375 300 7480 2.8 5240 
Av. | Milled and flush [353 200 7040 95.6 2.8 5240 
at ends ‘ 
4 e 30-diam. lap of 365 300 7280 6.3 5110 
f bars. Dowels 345 300 6880 6.3 5110 
Av. ea flush | 355 300 7080 96.2 6.3 5110 


The principal results of the tests of Series 1 are given in Table 5, 
together with data on the quality of the concrete used. Both columns 
and companion cylinders showed unusual uniformity of strength. 
There was only 5 per cent difference in average strength between the 
columns of Type 1, which were the strongest, and those of Type 3, 
which were the weakest of the group. Furthermore, the average com- 
pressive strength for all of the companion cylinders was 5195 lb. per 
sq. in. and the variations in the concrete cylinder strengths for the™ 
four different types of columns did not exceed 1.6 per cent of this 
average value. 

Average longitudinal strains for all columns of the series are shown 
in Fig. 5. The strains in concrete and steel at any point are generally 
similar, except for those gage lines on columns of Types 3 and 4 which 
were located within a lap splice. The gradual separation of concrete 
and steel strains for these columns also indicates some slipping of the 
steel at the higher loads. In all of the columns the point at which 
high early strains developed usually coincided with the point of fail- 
ure. In those with dowels failure occurred within the lap splice, while 
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in the others a majority of the failures were in the upper third of the 
column height. 

The initial modulus of elasticity of the concrete, as found from the 
28-day control cylinders, averaged 4 320 000 lb. per sq. in. for the 10 
columns. 


10. Analysis of Strength of Columns.—The results from Series 1, 
comprising only 10 column tests, with variable end conditions, ob- 
viously cannot be used in establishing a general column formula. The 
object of the following analysis is to present the results in a form that 
may be easily studied in connection with the more comprehensive tests 
to follow. A well-established method of expressing the ultimate 
strength of a column is to consider it made up of three elements, 
(1) the ultimate strength of the net concrete core area, considered as 
plain concrete, (2) the load required to stress the compressive rein- 
forcement to the yield point, and (3) the load required to stress the 
spiral reinforcement to its limit of effectiveness. Expressed alge- 
braically, the unit strength is given by Equation (1). 


PC feA,4l —p) + A.f, kp’ Acf’s 
or 


A =Cf,.l—p) +pft+kn' f'. (1) 
wherein P = ultimate axial load on column, in pounds 
A, = area of column core (within outer circumference of 
spiral) 
A, = area of vertical reinforcement = p A. 
f’. = compressive strength of 6 by 12-in. concrete control 
cylinders 
f, = yield point stress of vertical reinforcement 
f’. = useful limit stress of spiral reinforcement (assumed as 
the stress at a unit deformation of 0.005) 
p = ratio of area of vertical reinforcement A, to core area A. 
p’ = ratio of volume of spiral reinforcement to volume of 
concrete core 
C, k = constants 
In asimilar way, the yield point strength P’ of a spirally-reinforced 
concrete column (or the ultimate strength of a tied column) may be 


expressed as : 


a OTs (1 7 Po) ae Dofy (2) 


wherein A, = the gross or overall area of column section 
and p, = ratio A./A, 
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TABLE 6 


ANALYSIS OF Di1sTRIBUTION OF COLUMN STRENGTH, 
ERIES 1 CoLUMNS 


Portion Column Strength Attributed to 


Column Cylinder 


gie End Strength Strength | Concrete* | Vertical Steel] Spiral Steel 
Col- Condition - /A 3 e . 
umn - per i Soe Pe eee 
sq. in. 8q. In. 0.85f'. (3.98 Jog cent} (1.0 per cent 
X 0.96 f, = 47 900) |f. = 48 000) 
lb. per sq. in. | lb. oe sq. in. | lb. per sq. in. 
1 Ends flush ; 7350 5170 4215 1900 1235 
2 Capitals 7210 5265 4290 1900 1020 
3 20-diam. lap of bars 7040 5240 4270 1900 870 
4 30-diam. lap of bars 7080 5110 4165 1900 1015 
Average 7170 5195 4235 1900 1035 


*Concrete section is 96 per cent of core area. 


Regarding the constant C in Equations (1) and (2), it is definitely 
known that the strength of a plain concrete column 744 diameters 
in length should be less than that of a 6 by 12-in. cylinder. Previous 
tests,* and those of Series 2 to follow, indicate that the value of C 
should be 0.80 to 0.85 and the latter value will be used here. The 
vertical reinforcement was of intermediate grade (f, = 47 900 lb. per 
sq. in.) and the ratio p was 0.0398. The drawn wire spiral reinforce- 
ment had no well-defined yield point, but on the basis of previous testst 
the useful limit was estimated at 48 000 lb. per sq. in., which was the 
stress existing in the wire, in coupon tests, at a unit strain of 0.005. 

Table 6 gives the distribution of the ultimate strength of columns 
of Series 1 on the basis of Equation (1). The strength contributed by 
the spiral is found by eliminating that due to concrete and vertical 
steel, hence this portion contains all of the variability of the test 
strengths, whereas it is much more probable that such variations were 
due to the different end arrangements of the vertical steel. However, 
the variation in the constant k, which may be termed the spiral effec- 
tiveness factor, is not unduly great, ranging from 1.81 to 2.57, with an 
average value of 2.16. It represents the ratio of effectiveness of spiral 
reinforcement to vertical reinforcement (of like quality) in producing 
ultimate column strength. 

From a consideration of the relative strengths of the columns of 
the four types given in Table 5 it might be concluded that any one of 
the four types would give satisfactory results, with the possible excep- 
tion of the type having enlarged ends. However, since there was no 


: 
j 


*Bulletin 190, Eng. ipa Sta., Univ. of Ill. 
tBulletin 190, loc. cit. 
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apparent advantage with either the columns having capitals or those 

i having dowels, economy of material and labor pointed to the selection 

| of the type with plane ends. This type was used in all of the remain- 
ing columns of the investigation, with the exception of a few columns 
of Series 8, and has proved quite satisfactory. 


IV. Sertes 2. Errect or Rate AND MANNER oF LOADING 


11. General Features of Tests—This series of tests was planned to 
secure information on several phases of column strength, including 
different methods of loading, a large range in kind and amount of re- 
inforcement and in quality of concrete. Most of the columns were 
made with three grades of concrete, designed to produce 56-day 
strengths of 2000, 3500, and 5000 Ib. per sq. in. In addition, a small 
group was made with concrete designed to produce a 56-day strength 
of 8000 lb. per sq. in. when compacted into place by the use of an 
electric vibrator. 

Longitudinal reinforcement of three different grades was included 
in the series, and in general three different percentages ranging from 
1% to 6 per cent were used. The grades of steel used were specified to 
meet requirements for intermediate, structural, and rail steel. The 
spiral reinforcing was of intermediate-grade, hot-rolled rod; about 
144 per cent was used in all columns of this series. 

As noted, one of the principal studies embodied in this series was 
that of rate of loading of the test column. The method used in most 
previous column tests has been to apply the load in increments, allow- 
ing only sufficient time between increments for the observation of 
strains. It was felt that in the range of plastic action of the column 
a longer period of time between increments would produce a consider- 
able amount of plastic deformation and might have a decided effect 
upon the carrying capacity of the column. Accordingly, two methods 
of testing, denoted as “fast” and “slow” loading, were adopted. Under 
the “fast” loading the load was applied to the column in ten or more 
increments with a time interval between increments of 15 minutes or 
less, during which strain measurements were taken. In the “slow” 
loading, a load of approximately %4 of the estimated yield point 
strength of the column was applied in eight to ten equal increments 
at the “fast” rate of loading; then subsequent loads were applied in 
6 to 10 increments at intervals of four hours. With this procedure 
strain readings were taken during each 4-hr. interval immediately 
before and after the application of an increment of load. 
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The amount of flow in the test piece during a 4-hr, period naturally 
caused a slight release of load by the testing machine. To minimize 
this condition for the tests under slow loading, a special load-holding 
device was used. This consisted of a bed of coiled springs having a 
total capacity greater than the column strength and a total shortening 
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of approximately 1% in. The shortening of a column due to plastic 
yielding of a few hundredths of an inch produced very little difference 
in the pressure exerted by this bed of springs and hence the load was 
held very nearly constant throughout a full 4-hour period. A view of 
a column as tested with one of these devices is shown in Fig. 6. 
Another feature of the tests with slow loading, which lasted from 36 
to 48 hours, was the use of a protective case, lined with wet burlap 
and placed around the column to prevent its drying out. 


12. Results of Tests—The principal results of the tests of Series 
2 are given in Table 7. In all tests but those in which 8000-lb. con- 
crete was used two companion specimens were tested under both fast 
and slow loading. In addition to the columns originally planned, 26 
plain columns were included in a study of the action of the concrete 
alone under fast and slow loading, and the results for these are given 
in Table 8. 

The data of Tables 7 and 8 indicate that there was not a very 
marked difference in the carrying capacity of columns tested under 
the two methods of loading, but there was a considerable difference 
in the amount of deformation measured, as indicated by typical 
stress-strain curves for corresponding gage lines of columns tested 
under fast and slow loading shown in Fig. 7. Apparently the amount 
of flow that occurs during a 4-hr. period, while producing a definite 
shortening of the column, does not produce appreciable changes in 
strength, aside from the results obtained for the plain columns. The 
difference in action between plain and spirally-reinforced columns is 
readily explained. It has been found in previous investigations that, 
after plain concrete has reached 75 to 85 per cent of its ultimate 
strength, a decided change in its action takes place wherein lateral 
bulging develops, internal breakdown of the material begins, and 
plastic deformation increases rapidly. The failure of plain concrete 
may thus be expected to take place much sooner under the slow load- 
ing than under the fast loading. When concrete is restrained within 
an envelope of spiral reinforcement, it soon reaches a stage of almost 
entirely plastic deformation, wherein the loads carried are in a definite 
proportion to the lateral pressure exerted by the spiral reinforcement. 
This proportion is independent of the amount of lateral deformation, 
and hence the column will carry a given load as long as a definite 
pressure is exerted by the spiral reinforcement. Column failure evi- 
dently occurs when the spiral becomes unable to furnish increased 
lateral pressure with an increase in lateral deformation. It is unlikely 
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Resvuts or Tests or Serres 2 Rernrorcep CoLuMNS 


; 
| 
TABLE 7 ' | 
: 
All reinforced columns 8 in. core Lest iy 5 ft. long, 2 companion columns of each type. : 


Columns cured 56 days in moist room an tested moist. 
All spiral reinforcement of intermediate grade steel. 


Column Strength Column Strength 


Designed | Percentage of Fast Loading | Cylinder | Slow Loading | Cylinder 
: Column Concrete Reinforcement |—_—————————| Strength |——————-—_ Strength 
No. Strength Unit Ib. per Total Unit lb. per 
j Ib. per |_____ oss Ib. per| 84. in. ib Ib. per] 84. in. 
poe Long. Spiral sq. in. sq. in. 
INTERMEDIATE GRADE VERTICAL BARS 
a 2000 3.98 1.24 269 000 | 5350 2950 252 000 | 5000 2180 
J 1.24 267 500 | 5310 2490 240 000 | 4770 2100 
e aoa 262 800 | 5210 | 2230 
d <2 ___| 269 000 | 5340 |_ 2135 
] Average | 268 250 | 5330 | 2720 | 255 950 | 5080 | 2160 
a 3500 3.98 1.24 276 000 | 5490* 3530 310 000 | 6150 3910 
i 3500 3.98 1.24 298 000 | 5920 3770 __|_271 000 | 5380*) 3790 J 
Average| 287 000 | 5705 3650 | 290 500 | 5765 | 3850 
a 5000 3.98 1.24 362 000 | 7200 5550 383 000 | 7600 4880 
b 5000 3.98 1.24 360 000 | 7160 5710 381 000 | 7560 5530 
Average | 361 000 | 7180 5630 382 000 | 7580 5205 
SrrucTuURAL GRADE VERTICAL Bars 
a 2000 3.98 1,24 217 000 | 4310 2310 231 000 | 4590 2150 
b 2000 3.98 1.24 | 226 000 | 4490 | 2050___|_227 000 | 4510 | 2060 
Average | 221 500 | 4400 |__ 2180 __|_ 229 000 | 4550 |_ 2105 
a 3500 3.98 1.24 265 000 | 5270 3650 284 000 | 5650 3470 
b 3500 3.98 | 1.24 | 271 000 | 5390 | 3450 __|_ 300 000 | 5950 | _ 3590 
Average} 268 000 | 5330 3550 _292 000 | 5800 3530 
a 5000 3.98 1.24 352 000 | 7000 6080 360 000 | 7150 5640 
b 5000 3.98 1.24 354 000 | 7040 5620 336 000 | 6670 5800 
Average | 353 000 | 7020 5850 348 000 | 6910 5720 
Ratt STEEL VERTICAL Bars 
a 2000 3.98 1.24 288 000 | 5730 2250 267 000 | 5300 2070 
b 2000 3.98 1.24 294 000 | 5850 2330 285 500 | 5680 2170 
Average} 291 000 | 5790 2290 276 250 | 5490 2120 
a 3500 3.98 1.24 340 000 | 6760 3550 350 000 | 6950 3770 
b 3500 3.98 1.24 347 800 | 6900 3450 330 200 | 6570 3570 
Average | 343 900 | 6830 3500 340 100 | 6760 3670 
a 5000 3.98 1,24 456 000 | 9080 5510 414 500 | 8240 5500 
b 5000 3.98 1,24 378 500 | 7540 5200 433 800 | 8600 | - 5350 
Average | 417 250 | 8310 5355 424 150 | 8420 5425 
INTERMEDIATE GRADE VERTICAL Bars 
a 3500 0 1.24 209 000 | 4150 3560 201 500 | 4000 3580 
b 3500 0 1,24 208 000 | 4130 3660 212 600 | 4220 3490 e 
Average | 208 500 4140 | 3610 207 050 | 4110 3535. 
a 3500 1.57 1.24 226 000 | 4500 3440 234 000 | 4650 2870 
b 3500 1.57 1.24 241 500 | 4800 3290 243 500 | 4840 4050 
Average | 233 700 | 4650 3365 238 750 | 4745 3960 
a 3500 5.94 1,24 314 000 | 6240 3660 323 000 | 6420 3190 
b 3500 5.94 1.24 337 000 | 6700 3280 327 200 | 6500 3630 
Average | 325 500 | 6470 3470 325 100 | 6460 3410 
a 8000 0 1,24 390 000 | 7760 6920 
b 8000 0 1.24 421 000 | 8380 6960 
Average| 405 500 | 8070 6940 f 
a 8000 1.57 1.24 400 000 | 7950 7570 
b 8000 1.57 1,24 420 200 | 8350 7310 
Average| 410 100 | 8150 7440 
a 8000 3.98 1.24 463 000 | 9200 7690 
b 8000 3.98 1.24 482 000 | 9600 6790 
Average| 472 500 | 9400 7240 
a 8000 5.94 1.24 | 488 000 | 9710 | 7310 elon 
b 8000 5.94 1.24 450 000 | 8950 7100 
Average | 469 000 | 9330 7205 


*These columns showed large deflections at failure. 


All columns 84 in. diameter, 5 ft. long, 2 companion col f 
Columns cured 56 days in moist room and tented Gis, EE re 
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TABLE 8 

REsotts or Tests or Serres 2 Pain CoLumns 

t 


F Column Strength Col i) 
Designed 2 olumn Strength 
Col Concrete Fast Loading Cylinder Slow Loading . | Cylinder 
ied trength Siren ech se ee ees Strongtht 
° Ib. per Tot Unit Ib. per Unit Ib. per 
Bq..10, Th. Ib. per earn co tal lb. per Ram 
7 Sq. In. sq. in. 
a 2000 89 000 1665 2170 85 000 159 
ees eee jee |i ies > | amo 
2505 103 000 19. 
d 89 500 1675 2400 ss Ge 
‘5 Sell Average 94 600 1770 2300 94 000 1760 2260 
a 3500 140 000 2620 4100 
70 162 400 4 
c 3500 160 000 3000 3740 Mee en 
Average 146 000 2730 3745 
b 5000 260 300 4870 5850 
c 5000 246 000 4600 5010 253 600 4740 5520 
e 5000 268 100 5020 5435 
d 5000 240 000 4500 aie 236 000 4420 5450 
Average 253 600 4760 5430 244 800 4580 5485 
a 8000 333 000 6230 6820 
b 8000 336 000 6290 6840 302 000 5650 8165 
f 8000 292 500 5470 7480 
g 8000 335 000 6260 7720 276 000 5160 7015 
Average 324 100 6060 7215 289 000 5400 7590 


that it would ever be possible to have sufficient plastic deformation 
or flow of the concrete between spiral wires to decrease the pressure 
exerted by the spiral reinforcement under a dead load. 

Figure 8, showing ultimate column strengths plotted against the 
strength of control cylinders, furnishes a comparison of the effects of 
fast and slow loading. Results are given for all columns made with 
1.24 per cent of spiral and 3.98 per cent of longitudinal reinforcement, 
as well as for plain columns. Evidently the fast and slow loading pro- 
duced no consistent difference in strength, such differences as appear 
being within the normal variation to be expected with a single method 
of loading. Accordingly, curves have been drawn to represent average 
results for the two loading methods. The average points are connected 
in two ways: by broken lines, which represent actual values, and by 
solid straight lines, which fit the results fairly well, and represent the 
logical variation of column and concrete strengths. The four solid 
curves of Fig. 8 permit a study of the effect of the three grades of 
longitudinal reinforcement, and of the four concrete mixtures used. 
While the four curves are not quite parallel, the average slope for 
the reinforced concrete columns is very slightly less than that for the 
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plain columns, indicating that the effect of concrete strength is the 
same for both types. The average slope of the four curves is about 
0.8. This verifies previous tests, which indicate that the differences 
in strength of spirally—reinforced columns due to differences in con- 
crete mixtures is equal to the difference in strength of plain columns 
of these mixtures, times the quantity (1 — p). That is, the slopes of 
the upper three curves should be 96 per cent of that for the plain 
columns. 


~ 


13. Effect of Strength of Reinforcement—The intersections of the 
solid average curves of Fig. 8 with verticals representing concrete 
strengths of 2000, 3500 and 5000 lb. per sq. in. have been plotted in 
Fig. 9, correction being made in this way for variations in actual 
cylinder strengths. Figure 9 shows column strengths plotted against 
the average yield-point stress for each grade of longitudinal reinforce- 
ment. Such a comparison is slightly inaccurate, since there was some 
variation in the yield—point stresses for each grade of steel, but cor- 
rections for variations in the reinforcement of individual columns 
were not considered necessary. However, it is evident that the in- 
crease in column strength is very nearly proportional to the increase 
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in average yield-point stress of the steel. With 3.98 per cent of re- 
inforcement, an increase in yield-point stress from 40 400 to 68 300 
lb. per sq. in. should produce an increase in column strength of 0.0398 
< 27 900 or 1110 lb. per sq. in., whereas the average increase for the 
three curves is 1300 lb. per sq. in. Much of this difference is probably 
due to a peculiarity in the stress-strain curve of the rail steel, which 
gives it an effectiveness somewhat above the yield-point value. This 
steel did not exhibit a well-defined yield point, and the effective stress 
in the steel at failure of the column was evidently somewhat above 
the value of 68 300 lb. per sq. in. determined from coupon tests. 


14. Analysis of Strength of Columns.—In studying the distribution 
of column load between the concrete section, the longitudinal steel 
and the spiral steel, further reference may be made to Fig. 8. Con- 
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sidering that the concrete of the reinforced column receives a stress 
equal to the strength of the plain column on a section 96 per cent of 
the core area, the portion of the column strength to be attributed to 
the reinforcement is found. Such values from Fig. 8 are shown by 
the plotted points in Fig. 10. This load is distributed between longi- 
tudinal and spiral reinforcement, by computing the load on the for- 
mer as 0.0398 times the yield-point stress. The shaded areas indicate 
the relative portions of the column load attributed to each form of 
reinforcement. In view of the fact that accidental variations in column « 
strength have thus been thrown into the portion attributed to the 
spiral reinforcement, it is of interest that this portion is so nearly 
constant for the nine combinations of concrete and longitudinal steel - 
shown. The average unit stress due to spiral reinforcement for the 
nine cases is 1245; considering this as k f,’ p’ (See Equation (1), Sec- 
tion 10), with f,’ equal to 49 400 Ib. per sq. in. and p’ equal to 0.0124, 
the resulting value of k for the 38 columns is found to be 2.05. 

In addition to the columns analyzed in Figs. 8 to 10, Series 2 con- 
tains another group of 20 columns made with 3500 and 8000-lb. con- 
crete, 1.24 per cent spiral reinforcement, and varying percentages of 
vertical reinforcement. The effectiveness of the spiral in these may 
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also be analyzed by the foregoing method, using values of plain col- 
umn strength from Fig. 8. On this basis, the average effectiveness 
factor k for these columns is 2.19, making a grand average for the 
58 spiral columns of Series 2 of k= 2.10. It should be kept in mind 
that, in deriving this value of k, the column concrete strength has 
been taken as about 80 per cent of the cylinder strength; if it had 
been taken at 85 per cent, as has been done quite generally in other 
series of tests, the average effectiveness of the spiral would have been 
decreased from 2.10 to approximately 1.75 for Series 2. 


15. Yield Point of Column.—As noted in Section 10, the load at 
which a marked break in the rate of deformation of a column with 
respect to load occurs may be called the yield point of the column. 
This point is reached when the yield point of the vertical steel and 
the ultimate strength of the plain concrete are exceeded, and is ap- 
parently independent of the percentage of spiral reinforcement. In 
columns without spiral reinforcement, the yield point and the ultimate 
load coincide. Figure 11 shows the stress-strain curves for various 
columns of Series 2 under fast loading, and the yield point, calculated 
by Equation (2), Section 10, is also shown for comparison. These 
curves may be compared later with curves from Series 3, in which 
the columns tested contain large initial steel stresses. 
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V. Series 3. Errect oF SUSTAINED LOADING 


16. Outline and Conditions of Tests—The purpose of this series of 
tests was (1) to make a systematic study of the amounts of shrinkage 
and plastic flow produced in reinforced concrete columns under or- 
dinary working stresses, continuously applied, (such as have been 
noted by other investigators,*) and (2), having induced a redistribu- 
tion of stresses in a column due to the action of shrinkage and flow 
over a period of perhaps a year, to study the effect upon the strength 
of the column as found by testing it to failure in the usual manner in 
a testing machine. The series included 153 columns all of 8%4-in. 
diameter and 60-in. length. Of these, 60 reinforced columns were held 
for a year under design load, and 48 were duplicate columns held in 
similar storage but under no load, making a total of 108 reinforced 
columns. The remaining 45 columns were of plain concrete; six of 
these were held under a sustained load. The design loads for the re- 
inforced columns were determined from the column formulas of the 
American Concrete Institute Joint Building Code, except for four 
columns which were loaded according to the design formula of the 
1916 Building Code for New York City. 

A list of the columns of Series 3, including the design loads used, 


. R. McMillan, “A Study of Col Test D Pp 
150- i, 1921 ut olumn Test Data,” Proc, Am. Cone. Inst., Vol. XVII, p. 


Glanville, ‘‘The Creep or Flow of Concrete Under Load,’ Building Research Stati 
‘Technical Paper No. 12. Dept. of Scientific and Industrial Research, London, 1930. aa 
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TABLE 9 


Errect or SustTainep Loaps on CoLuMNs oF SERIES 3 


The series included 108 reinforced columns (two of a kind). The columns had 8-in. core diam 
814-in. overall diameter, and were 5 ft. long. Columns were cured for 56 days in moist room ky ee 
under strain observation for 1 year, while subject to sustained design loads. At the end of this period, 
the columns were tested to failure in axial compression, except for a small group (marked *) which was 
reserved for further sustained loading. Design loads were based on A.C.1. Joint Building Code formulas 
Soa Garg sh er Sap ghey 0 ase Beoontng = pon New York Code formula. All reinforcement 
J er ate grade steel. nder strengths and unit stresses are given i 
inch. Positive values indicate compression; negative, tension. tach ela a 


c Loaded Columns Unloaded 
Column Design Eola 
At Load Application After 1 yr. 
Percentage A After 1 yr. 
Reinforce- a 
Concrete} ment The From RF 
Strength Elastic From Strains Str, ony From 
UbSper |e aa | Theory as Strains 
Sq. 1n. Ver- 
tical |Spiral ; fee ae | cal ca eae 
fs fe te fe | fe/fe ts | te te | te 
AIR STORAGE 
2000 1 2 38 000 | 6 900 660 | 7 300 650 |11.2 | 21 200 | 430 4700 | —75 
4 0 37 200 | 5 700 535 | 4 300 685 | 6.3 | 11 400 | 300 2600 | —55 
4 aI 64 000*} 9 800 920 | 9 400 | 940 |10.0 | 19 200 | 530 1200 | —50 
4 2 64 000 | 9 800 920 |12 100 825 |14.7 | 20 300 | 485 900 | —20 
6 2 90 000 /12 100 | 1140 {12 200 | 1130 !10.8 | 22 600 | 475 500 | —15 
3500 pS 0 47 200 | 6 750 845 | 6 400 855 ) 7.5 | 22 400 | 600 
1 1 52 400*| 7 500 940 | 9 800 905 |10.8 | 25 400 | 650 
1 2 52 400*| 7 500 940 | 7 000 945 | 7.4 | 26 700 | 635 4200 | —65 
1 2 |t67 000*| 9 550 | 1205 |11 100 | 1175 | 9.5 | 30 800 | 865 
4 0 55 200 | 6 850 | 6500 | 6 500 870 | 7.5 | 17 000 | 440 1900 | —40 
4 1 79 000*} 9 800 | 1235 | 9 800 | 1230 | 7.9 | 22 200 | 715 2200 | —90 
A 2 79 000 | 9 800 | 1235 |10 200 | 1210 | 8.5 | 20 600 | 780 800 | —15 
6 0 81 200 | 9 100 | 1145 | 6 000 | 1335 | 4.5 | 14 500 | 800 
6 1 |108 600 |12 050 | 1540 |12 400 | 1515 | 8.2 | 23 100 | 835 
6 2 |108 600*/12 050 | 1540 {13 100 | 1470 | 8.9 | 23 500 | 820 | —1000 60 
6 2 |t75 200*| 8 420 | 1060 | 8 300 | 1065 | 7.8 | 15 000 | 640 
5000 1 2 59 400 | 7 650 | 1080 | 7 300 | 1080 | 6.7 -| 23 200 | 830 6700 |—110 
4 0 72 000 | 8 150 | 1155 | 8 600 |} 1130 | 7.6 | 21 600 | 600 3200 | —65 
4 1 96 000*/10 850 | 1540 /10 600 | 1550 |10.1 | 25 000 | 950 1700 | —70 
t 2 96 000 |10 850 | 1540 | 9 000 | 1620 | 5.6 | 23 300 | 550 3300 | —70 
6 2 |130 400 |13 300 | 1915 |15 500 | 1780 | 8.7 | 25 200 |1170 2100 —65 
Moist SToRAGE 
2000 oa 0 37 200 | 5 700 535 | 4 200 595 | 7.1 4 300 | 590 | —2800 55 
4 1 64 000 | 9 800 920 | 9 200 945 | 9.8 | 11 800 | 835 | —3900 80 
4 2 64 000 | 9 800 920 | 9 000 950 | 9.5 9 300 | 940 | —3600 75 
3500 4 0 55 200 | 6 850 860 | 9 600 745 |12.9 7 800 | 820 | —4600 95 
4 1 79 000 | 9 800 | 1235 | 7 600 | 1320 | 5.8 | 11 500 {1165 |— 500 10 
4 2 79 000 | 9 800 | 1235 | 7 600 | 1320 | 5.8 | 12 000 {1145 | —1600 35 
5 4 0 72 000 | 8 150 | 1155 | 6 000 | 1240 | 4.8 9 100 |1120 | —6000 125 
ie 4 1 96 000 |10 850 | 1540 |11 300 | 1520 | 7.4 | 11 600 {1510 | —2700 55 
4 2 96 000 |10 850 | 1540 | 9 800 | 1580 | 6.2 | 12 800 |1465 | —3300 70 


is given in Table 9. All columns were cured in the moist room for 56 
days. They were then placed in one of the following four conditions 
of loading and storage, maintained for a period of one year: 

(1) Under design load, in air of laboratory 

(2) Under no load, in air of laboratory 

(3) Under design load, in moist room 

(4) Under no load, in moist room 


ainsi 
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The columns stored in air were subject to temperatures of 70 to 88 
deg. F., and to relative humidities of 40 to 90 per cent. Those in the 
moist room were at temperatures of 70 + 4 deg. in a saturated atmos- 
phere. Systematic strain measurements were made on all of the 
columns throughout the year. 

Table 9 shows that three grades of concrete were used. These were 
designed to produce 56-day cylinder strengths of about 2000, 3500 and 
5000 lb. per sq. in. Three percentages of longitudinal reinforcement, ; 
roughly 1.5, 4, and 6, and two percentages of spiral, 1.2 and 2, were 
employed in the various columns. The design of the columns and the 
details of materials and making of columns were identical with those 
for Series 2, Chapter IV. Four 6 by 12-in. control cylinders were 
made with each column, two tested at the age of 56 days, and two 
tested a year later when the column was loaded to failure. 

All reinforcing steel in this series was of intermediate grade. Yield 
points of vertical steel, in lb. per sq. in., were: 1.57 per cent, 45 600; 
3.98 per cent, 53 400; 5.94 per cent, 45 200. Similarly, the useful 
limit of spiral steel was: 1.24 per cent, 49 400; 2.0 per cent, 48 200. 


17. Method of Applying Sustained Working Loads——The ap- 
paratus for applying and holding a constant load on the columns may 
be described by reference to Fig. 12. Companion columns, tested in 
pairs to save apparatus, were confined between bearing plates by 
four steel tie rods. The desired tension was maintained in these rods 
by four heavy coiled compression springs, to be seen at the top of 
each rig in the figure. These springs were calibrated, after having 
been subjected to ten repetitions of their capacity load, for the pur- 
pose of relieving localized stresses and thus minimizing the permanent 
set which might occur under the long-continued loading. The load 
was applied to the columns by tightening the nuts on the four tie-rods 
until the pre-determined shortening of each spring was reached. This 
shortening varied from 1.0 to 1.3 in. with the five sizes of springs used. 
To minimize eccentric loading and to stabilize the loading rig, the 
tie rods were run through holes in a bearing plate between columns 
at mid-height of the rig. 

A complete set of strain measurements was taken on the columns 
immediately before and after applying the load, then generally after 
1, 3, 7, 14 and 28 days, and at monthly intervals thereafter. These 
measurements were taken on a total of 16 gage lines, 8 at the middle 
and 4 near each end of column, and included complete check readings. 
Measurements of spring shortening were taken coincident with column 
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Fig. 12, CoLtuMNs or Series 3 UNpER SUSTAINED LOADING 


strain measurements, and the compression in the springs was adjusted 
at intervals to compensate for the gradual yielding of the columns. 

As previously noted, the columns were loaded at safe working 
stresses computed by use of the design formulas for tied and spirally- 
reinforced columns of the 1928 American Concrete Institute Joint 
Building Code and for spirally reinforced columns of the 1916 New 
York City Building Code. These formulas are as follows: 


A.C.I. Code, Tied Columns 

= 0.225,'.| 1 Lin — 1p | (3) 
A.C.I. Code, Spiral Columns 
= (300+ 010+ 4 F'.]J1+@- ne] 


A 


a 


N.Y. Code, Spiral Columns, Intermediate Grade Spirals % 


= = 4.[1 + (a — vp] + 2h (5) 


in which P = total load on column. 
A = sectional area within outer circumference of spiral. 
A, = gross or overall section of column. 
f- = ultimate strength of control cylinders. 
f- = allowable working stress in concrete. 
f. = allowable working stress in spiral reinforcement. 
p = ratio of longitudinal reinforcement. 
p’ = ratio of spiral reinforcement. 


n = ratio of moduli of elasticity of steel and concrete. 
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The units of load and dimension are pounds and inches. 

Although the foregoing formulas were used in computing column 
design loads, many of the test columns did not meet all of the limita- 
tions of these codes as to proportions and amount of reinforcement, 
quality of concrete, and thickness of protective shell. It was con- 
sidered desirable for the purposes of the tests to use combinations of 
the materials outside the restricted limits of the codes, and to use the 
design load which seems to be in essential accord with the code 
requirements. 

The working loads used with all columns are listed in Table 9. 
For the plain columns no formula is applicable, and a stress of 0.25 
f.’ was used as being comparable to some degree with the concrete 
stress in the reinforced columns. 


18. Strains in Columns after Sustained Loading for One Year.— 
Table 9 gives a list of the columns of this series, with the design loads 
used, and a tabulation of the stresses in vertical steel and concrete as 
computed from strains measured in the columns after they had been’ 
under sustained load for a year. The table also gives the compressive 
strength of control cylinders made and stored with the columns, as 
determined at the beginning and end of the one-year period. It is of 
interest here that the air-stored cylinders showed an average increase 
in strength of about 15 per cent, while the moist-stored cylinders 
showed about 30 per cent increase from the age of 2 months to that 
of 14 months. 

A tabulation of stresses, similar to Table 9, was made up after 
the columns had been loaded for 5 months, and it is interesting that 
there was very little increase in flow from the 5-month to the one- 
year period. The observations after five months loading were taken 
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in the winter when the relative humidity was low; the one-year 
observations during the summer when the relative humidity was high. 
Thus any increase in flow during the last seven months appears to 
have been largely compensated by an expansion due to increase in 
moisture. It is seen that the greatest steel stress in any column after 
loading for a year is 30 800 lb. per sq. in., of which 11 100 was ob- 
served when load was first applied. The load on this column was 
based on the New York Code; companion columns loaded according 
to the A.C.I. formula showed a steel stress of 26 700 lb. per sq. in. 
From the values given in the table it appears that in very few of the 
columns did the steel stress exceed 50 per cent of the yield-point 
stress of the steel; neither does the maximum unit deformation of 
0.00103 (1%4 inch per 100 feet) seem very serious, considering that 
over one-third of this is the initial elastic deformation due to the 
applied load. 

A comparison has been made between the initial stresses of Table 
9 as measured and as calculated from the elastic moduli of the ma- 
terials. From the tests of 56-day concrete cylinders, the moduli of 
elasticity for the three grades of concrete were found to be 2830, 3800 
and 4290, respectively, in thousands of lb. per sq. in. The corre- 
sponding values of the modular ratio n are 10.6, 7.9, and 7.0. It will 
be seen that the measured and calculated steel stresses agreed quite 
closely, as shown by the following summary: 


Average Initial Steel Stress 


Vertical Ib. per sa. in. 
Reinforcement oes 
percent Calculated Measured 
ik 7640 8150 
4.0 9065 8600 
6.0 11170 11250 
Weighted Average 9200 9040 


This tabulation shows that the steel stresses in the various columns 
under design loads were not uniform, but that both steel and concrete 
stresses increased rapidly as the percentage of vertical reinforcement 
increased. This is a characteristic feature of the A.C.I. spiral column 
formula. 

As another means of comparison, the average ratios, f/f, of meas- 
ured initial steel and concrete stresses are found from Table 9 to be 
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10.0, 8.1 and 7.1 for the three grades of concrete, as compared with 
the values of n from cylinder tests of 10.6, 7.9 and 7.0. 

Time-strain curves for typical columns are shown in Fig. 13. It 
is evident that the variation in strains for loaded columns may be due 
to four causes: (1) Plastic flow due to the imposed load, (2) shrink- 
age or expansion, (3) changes in modulus of elasticity, and (4) teni- 
perature changes. The first two should cause a shortening of the 
column; the last two, a lengthening. Considering the last two var- 
iables, the modulus of elasticity evidently changed little during the 
year for columns in air storage (as will be shown in Section 23) but 
increased about 30 per cent with moist storage. The columns at the 
beginning: of the loading period were at 70 deg. F, and the effective 
increase in temperature during the year was probably not more than 
10 deg. for air storage and negligible for moist storage. The lengthen- 
ing of the column due to these two effects should not exceed 0.00006 
to 0.0001. Furthermore, when readings from loaded and unloaded 
columns are subtracted to isolate the effect of plastic flow, the effect 
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of temperature is eliminated, since it should be alike in both speci- 
mens. The effect of shrinkage in loaded and unloaded columns is 
probably not identical, though it is generally assumed to be. In the 
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unloaded specimen, the tendency to shrink produces tensile stress in 
the concrete and compression in the vertical steel; these stresses are 
evidently very considerably relieved by tensile plastic flow in the 
concrete. This is shown by the fact that unloaded columns with as 
much as 6 per cent of vertical steel developed no shrinkage cracks 
in 344 years of air storage. 

The foregoing analysis indicates that accurate determinations of 
the separate effects of plastic flow and shrinkage are difficult to 
obtain; however, the object of the tests is not so much a study of 
these separate phenomena as it is an investigation of their combined 
effect upon the behavior of reinforced concrete columns under service 
conditions. The curves of Fig. 13 contain a complete cycle of seasonal 
variations in temperature and humidity. The general result is one of 
rapid increase in steel stress during the early months of loading and 
comparatively small effect thereafter. 


19. Plastic Flow and Shrinkage of Plain Concrete Columns —To 
aid in evaluating the effects of flow and shrinkage in reinforced 
columns, strain observations were taken on a group of 45 plain 


r 
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columns for a year. Of these, six were held under sustained load, in 
laboratory air storage. The others were stored in laboratory air or in 
the moist room. Figure 14 shows graphically the amount of shrinkage 
or expansion observed in the unloaded columns during the year. Fig- 
ure 15 shows similar curves for loaded and unloaded companion col- 
umns for the one-year period. The upper curves show the deformation 
due to shrinkage, plastic flow, and change in modulus of elasticity, 
while the lower ones show the effect of shrinkage alone. The unit loads 
used with these columns were 500, 875, and 1250 lb. per sq. in., or 
one-fourth of the designed 56-day strengths of the three grades of 
concrete used. These stresses are in general considerably less than 
the concrete stress in the reinforced columns when first loaded, and a 
little greater than the concrete stress remaining in these columns 
after one year of sustained loading. The greatest total time- 
deformation is found to be 0.00129 for the 3500 and 5000-lb. con- 
cretes and the net flow (with effect of shrinkage deducted) is nearly 
the same for the 3500 and 5000 lb. concretes. It is of interest that 
the shrinkage for the three grades of concrete is nearly constant 
(0.00041 to 0.00045) for the one-year period. 


20. Effect of Concrete Strength on Column Deformations—Time-— 
stress curves like those of Fig. 13 have been plotted for all of the 
columns; to save space these curves have been regrouped to permit 
study of certain variables. In Fig. 16, for example, there are presented 
average curves for a number of columns in which the grade of con- 
crete and the storage are the only known variables. The curves illus- 
trate the marked difference in behavior of columns in air and in moist 
storage. The deformations in the air-stored columns were relatively 
large and were increasing at the end of the year, while those in the 
moist-stored columns, while irregular, had evidently reached a maxi- 
mum value in the first three months of loading. The first three groups 
of curves are for columns with 4 per cent vertical reinforcement and 
0, 1.2, and 2.0 per cent spiral reinforcement. The loads on the first 
group were determined by the formula for tied columns, the others 
by the spiral column formula, which permitted higher values. Be- 
cause of the nature of the latter formula (placing a high premium on 
longitudinal reinforcement), it is difficult to discern any relation 
between concrete strength and flow. The concrete of the three grades 
used was subjected initially neither to a constant stress nor to a 
stress that was a fixed proportion of the concrete strength. Further- 
more, it is evident that the stress in the concrete was gradually re- 
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Fic. 16. Time-DrEFrorMATION CURVES FoR COLUMNS OF 
Various CoNcRETE STRENGTHS 


duced as flow occurred, and the rate of this reduction was a definite 
function of the amount of vertical reinforcement present. From the 
data of Fig. 15 it seems reasonable that there should be no marked 


relation between grade of concrete and the amount of flow and shrink- 
age observed. 


21. Effect of Longitudinal Reinforcement on Column Deforma- 
tions —Figure 17 presents another group of time—deformations curves, 
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00004 


00002 


arranged to show the effect of varying the longitudinal reinforcement 
in columns otherwise alike. The three percentages of longitudinal 
steel were roughly 1.5, 4, and 6. Since all moist-stored columns were 
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made with 4 per cent of longitudinal steel, this comparison is made 
only between the results from columns stored in air. The figure in- 
cludes curves for columns made with three grades of concrete and 2.0 
per cent spiral reinforcement, also for columns of 3500-lb. concrete 
with 0, 1, and 2 per cent of spiral reinforcement. 

As noted with reference to Table 9, the curves for columns with 6 
per cent of longitudinal steel generally start at a higher steel stress 
than do those for the smaller percentages. This follows from the 
fact that the A.C.I. formula for spirally-reinforced columns, used 
in determining the applied loads, permits an increased working stress 
in both concrete and steel as the amount of longitudinal reinforce- 
ment is increased. The elastic strains, therefore, were to some extent 
fixed by the formula used, and by the modulus of elasticity of the 
concrete. 

The change in deformation and in the steel stresses was generally 
least for the columns with 6 per cent reinforcement, slightly more for 
those with 4 per cent, and quite obviously greatest for those with 1.5 
per cent. This is due in part to the fact that a given amount of 
yielding or flow decreases the concrete stress much more rapidly in 
columns with a large amount of longitudinal reinforcement than in 
those with a small amount. 

As an index of the relation between longitudinal reinforcement 
and column strains, the average increase in steel stress in one year, 
as shown by the curves of Fig. 17, may be noted; for columns with 
1.5 per cent reinforcement, the increase is 17 900 lb. per sq. in.; with 
4.0 per cent it is 12 100 lb. per sq. in.; and with 6.0 per cent it is 
9700 lb. per sq. in. The large increase for columns with small per- 
centages is partly compensated by the low initial stresses in these 
columns, as noted in Section 18 and in Table 9. 

The upper two groups of curves on the right half of Fig. 17 afford 
a comparison of results produced by design loads according to the 
A.C.I. and New York code formulas given in Section 17. Data of the 
columns to be compared are as follows: 


Reinforcement Cylinder Strengths Design Load 
per cent 56-days Ib 
Ib. per sq. in. ; 
Vertical | Spiral ‘A. Gale N.Y. A.C.I. INS Vie 
1.5 2.0 3475 3555 52 400 67 000 
6.0 2.0 3520 3545 108 600 75 200 
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Fig. 18. REDISTRIBUTION OF STRESSES IN CONCRETE AND STEEL 
Durina SustaAINnep LoADING 


Unfortunately, the design load of 75 200 lb., which was used in the 
tests, was incorrectly computed, and should have been 82 000 lb. 
Hence the elastic and plastic deformations for the columns under 
this loading are probably about 8.3 per cent smaller than they should 
be under the correct load by the New York formula. 

Figure 17 shows that the A.C.I. columns with both 1.5 and 6 per 
cent reinforcement approach a common steel stress after 1-year load- 
ing of about 21 500 lb. per sq. in.; the corresponding N.Y. columns 
show a wide spread in stresses, from 25 500 lb. per sq. in. to 13 500 lb. 
per sq. in. This is the result to be expected with these formulas, since 
the A.C.I formula was designed to equalize the total stresses due to 
load, flow, and shrinkage in columns of different design, while the New 
York formula places a premium on the use of spiral reinforcement. 


22. Redistribution of Stresses in Concrete and Steel Due to In- 
elastic Deformation of Concrete—-The various time—deformation 
curves have indicated the increase in the stresses in the longitudinal 
reinforcement due to shrinkage and flow of the concrete, and it is 


aN 
lor) 


© - 2000-1L. Corncrefe 
© - 3500-/b. Corrcrere 
° -5000-/b. Corrcreré 


“000 2000 3000 4000 5000 6000 7000 
Compressive Strength, te, (7? 10. EF SG W?. 


oy 
My 
se Pr oe 
AG) 
eae 
NR Pega abel 
‘8, 
aie 
Ne 
NE 
‘A 
NA 
SS 
Yes 
8 


Fic. 19. Moputus or ELASticiry AND COMPRESSIVE STRENGTH 
or Concrete 14 Montus OLp 


evident that as the total stress in the steel increased, the total stress 
in the concrete decreased an equal amount. Table 9 gives a summary 
of the initial measured steel stress produced in all columns by the 
design load, and the increased value of this stress after a one-year 
period of loading. From the difference between the applied load and 
the total stress in the longitudinal steel, the unit stresses in the con- 
crete have also been found, as given in the table. 


A conception of the variation in both steel and concrete stresses ~ 


with time may be aided by reference to Fig. 18. The curves for stress 
in steel are similar to those of preceding figures, and the correspond- 
ing curves showing the concrete stresses at any time during the year 
have been determined by computation as described above. Evidently, 
as yielding of the concrete progressed, the concrete stresses fell off 
rapidly; on the other hand, at considerably decreased concrete stresses, 
yielding was still progressing. 


23. Modulus of Elasticity and the “Sustained Modulus’.—In the 
testing of all control cylinders, stress-strain curves were obtained. 
This permits a comparison of the moduli of elasticity of the concrete 


_ 


at ages of 56 days and 1 year 56 days. It was generally found that 
the stress-strain curve was a straight line up to one-fourth or more 
of the ultimate strength and the moduli given are based on this 
initial tangent. Table 10 gives values of compressive strength f,’ and 
modulus of elasticity E for 56-day cylinders and for cylinders 1 year 
56 days old, together with values of the ratios of the two moduli. 
There was very little change in the value of E for cylinders in dry 
air storage for a year, but the value of E increased considerably for 
those in moist storage. The increase for the latter is about propor- 
tional to the increase in strength. Figure 19 shows the data of these 
cylinder tests plotted to show the relation between modulus of 
elasticity and compressive strength of concrete 14 months old. 

The ratio of stress to deformation due to all causes, as observed 
in members under sustained load, has been termed the “sustained 
modulus of elasticity.” An idea of the value of this sustained modulus 
may be obtained from the column stresses f,; and f, given in Table 9. 
Letting n denote the elastic modular ratio of steel to concrete and n’ 
the corresponding ratio of modulus of steel to the sustained modulus 
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for concrete, in general n’ or and has average values shown in the 
following tabulation: é 


Nominal Concrete Strength 


Storage Value of n’ Ib. per sq. in. 


2000 3500 5000 


Air At load application (n’ = n) 10.6 8.0 Get 
After 1-yr. loading 42.6 31.6 30.9 

Ratio n’/n 4.0 4.0 4.0 

Moist | At load application (n’ = n) 8.8 8.2 6.2 
After 1-yr. loading 10.4 9.6 8.2 

Ratio n’/n 1.2 1.2 | 3 


It appears that for air-stored columns, for which shrinkage and 
flow deformations were large, the average sustained modulus of 
elasticity after 1 year was only about 25 per cent of the initial modu- 
lus of elasticity; for moist-stored specimens in which there was ex- 
pansion, a low plastic flow, and an increase in elastic modulus, the 
sustained modulus is about 80 per cent of the initial value. The sus- 
tained modulus, of course, depends greatly upon the intensity of the 
applied stress which produces flow, and is mentioned here merely as 
a convenient conception for use with the ordinary column formula. 
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TABLE 10 
Mopvu.uvs or Evasticiry or CONCRETE 


Data from 6 by 12-in. control cylinders, cured 56 days in moist room, then stored one year either 
in laboratory. air or i moist room. All cylinders tested moist except those in one-year air storage, 
which were tested dry. Values for 56 days are from a random selection, those for 1 year and 56 days are 
for all control cylinders of Series 3, two or more per column. 


———— EE EEE 


Cylinders 56 Cylinders 1 year and 
days old 56 days old : 
Design see = ee eee eo aua Ratio 
Strength = f es Ee 
Ib. per Compressive Ei Compressive E2 Fi. mA 
sq. in. Strength, 1000 Strength, 1000 % 
Jey lb. per Fey ; Ib, per 
lb. per sq. in. sq. in. lb. per sq. in. sq. in. 
5 a aE a es a ee ee es i ea es es 
Laporatory AtrR STORAGE 
2000 2200 2830 2665 2985 1,21 1.05 
3500 3730 3800 4510 3980 1.21 1.05 
5000 5460 4290 6135 4170 1.12 0.97 
Morst STorRaGE 
2000 2200 2830 3020 4080 1.37 1.44 
3500 3730 3800 4740 4820 1.27 PP 4 f 
5000 5460 4290 6580 5195 1.20 1.21 


The manner of variation of the sustained modulus of elasticity 
with time is further shown by the lower curves of Fig. 18, which 
represent the factor f;/f., or n’. It is seen that the relative increase 
is much the same for all grades of concrete involved. Such curves 
indicate the error involved in column formulas containing the usual 
elastic value of n. 


24, Effect of Initial Strains on Ultimate Strength of Columns of 
Series 8—It was the original plan to test all of the 153 columns of 
Series 3 to failure after they had been under observation for 1 year.” 
However, it was later decided to save a few for further observation, 
and 16 loaded and 16 unloaded columns were reserved for the pur- 
pose. The remaining 109 columns were tested to failure in testing 
machines by the ‘‘fast’” loading procedure followed in Series 1 and 2. 
Because of the arrangement of the time-loading rigs, it was necessary 
to release the loads and to remove the columns from the rigs before 
placing them in the testing machine. This release of load permitted a 
recovery of the large elastic strains in the steel and resulted in the 
formation of tension cracks in the concrete, generally 10 to 12 in. 
apart. The columns were tested at once, and strain measurements 
showed that when the applied load had reached the value of the 


a 


7 
j TABLE 11 


STRENGTH OF CoLuMNS or SERIES 3 AFTER ONE YEAR UNDER 
SusTaInep LoApING 


Each value represents the test results from two columns. Column section, 50.2 for spiral columns 
_ 53.4 for tied columns. : 
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1 Nominal Design Columns After One Year | Columns After One Year 
Under Sustained Loading Under No Loading 
Percentage . 

fe! of Reinforce- Ultimate Load, Pr Ultimate Load, Py Ratio 
lb per wupak _ [ aes 
sq. in. 

lb. per lb. 
Vertical Spiral Ib. sq. in. lb. sq. ey 


he ee ee 
Laporatory AIR STORAGE 


2000 1.5 2 252 000 5015 244 500 4 865 0.97 
4 it) 237 4435 245 500 4 595 1.04 
4 2 331 500 6595 323 700 6 440 0.98 
6 2 353 250 7030 355 700 7 075 1.01 

3500 ic 0 225 600 Wy De cil pied tiga kote msc 
4 0 302 500 5660 300 800 5 630 0.99 
4 2 403 500 8030 395 000 7 860 0.98 

6 0 304 000 De Nl” eysekotecme alle madre bia 

6 1.2 368 100 COLO PIN were hers a6 
5000 £55 2 385 200 7665 394 000 7 340 1,02 
4 0 369 700 6915 415 000 7 765 1,12 
4 2 500 200 9950 485 500 9 660 0.97 
6 2 499 700 9940 505 500 10 060 1.01 
Average 1.01 
Mortst SToracEe 
I} 

2000 4 0 222 000 4155 190 800 3 570 0.86 
4 2 277 200 5515 268 500 5 340 0.97 
4 2 321 200 6390 323 600 6 440 1.01 
3500 4 0 261 700 4895 302 000 5 650 1.15 
4 1.2 334 000 6645 327 000 6 505 0.98 
4 2 398 500 7930 396 500 7 890 0.99 
5000 4 0 351 500 6575 315 000 5 895 0.90 
4 1.2 431 400 8585 419 000 8 335 0.97 
4 2 483 000 9610 482 200 595 1.00 
Average 0.98 
Grand Average Value of Ratio Py/Pr 1.00 


1-year sustained load, the cracks had closed and the steel and con- 
crete strains corresponded closely with those measured under the 
spring loading. 

In the case of the columns held for a year under no load, however, 
no shrinkage cracks were observed, even in columns with 6 per cent 
of vertical reinforcement. Since the difference between the strains 
in plain and reinforced columns was in excess of 0.0002, an amount 
ereater than the ultimate tensile deformation for concrete under fast 
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Fic. 20. Loap-Strain Curves For Gace LINEs AT THE ZONE 
or Fature or TypicAL COLUMNS 


loading, it seems that there must have developed simultaneously with 
the shrinkage a considerable tensile plastic flow, which inhibited the 
formation of cracks. 

The ultimate strengths of the columns of Series 3 are given in 
Table 11. The last column of the table gives the ratio of the strength 
of the columns that had been unloaded for the year to the strength 
of those that had been under sustained load and had developed high 
flow and shrinkage stresses. The grand average value of the ratio is 
1.0, showing that the initial strains in the “sustained load” columns_ 
had no effect upon the ultimate load. This was to be expected if 
view of the large deformations developed after the vertical steel 
reached the yield point, particularly in the spirally-reinforced columns. 


25. Yreld Point of Column—tThe load at which the vertical steel 
has reached its yield point and the concrete has developed its ultimate 
strength (unrestrained) has been called the yield point of the column. 
This is also the maximum load for a tied column. In a sgpirally- 
reinforced column at this load the concrete rapidly becomes plastic 
and its lateral bulging develops stress in the spiral until the pressure 
of the spiral on the concrete has raised the load-bearing capacity of 
the concrete core enough to carry any given increase in load. It is 
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TABLE 12 
StrRENGTH or PLarn Concrete CoLtuMns 


columns cured 56 days in moist room, followed b ave ear in air t st 
erie diameter, 5 ft. long. Two control cylinders per colum . Sol ia o athe Sate el air 


Ultimate Load 


Col Nominal Cylinder Ratio 
iy = Rgretepcley & Was Pp / 
¥ - Der sq. in. q , 
ee a A : lb. per sq. in. aie 
Ib. per sq. in. 
LaporaTory Arr STORAGE 
d 2000 130 000 2430 2430 1.00 
e 108 000 2030 2305 0.88 
f 125 400 2350 2720 0.87 
zg 132 500 2480 2600 0.95 
Average 2515 0.92 
e 3500 178 000 3330 4350 0.77 
d 230 000 4300 5160 0.83 
e 220 000 4120 5070 0.81 
f 166 000 3110 4070 0.76 
£ 176 500 3300 4170 0.79 
Average 4565 0.79 
a 5000 300 000 5640 mans 
b 257 000 4830 aeiits 
f 264 000 4940 5770 0.85 
g 275 000 5160 5640 0.92 
Average 5705 0.88 
Grand Average...... 0.86 
Moist StoraGe 
b 2000 94 500 1770 2360 0.77 
d 100 000 1875 2965 0.63 
e 100 500 1885 2730 0.69 
Pa 110 000 2065 2680 ORE 
Average 2685 0.71 
a 3500 133 000 2500 4455 0.56 
b 156 000 2925 4560 0.64 
d 179 400 3360 4490 0.75 
e 175 000 3280 4320 0.76 
Average 4445 0.68 
a 5000 275 000 5150 6770 0.76 
b 225 000 4220 6070 0.70 
d 260 000 4875 6630 0.73 
e 280 000 5280 6560 0.80 
Average 6510 0.75 
Grand Average...... 0.71 


obvious that the column yield point should be characterized by a 
rapid increase in both longitudinal and lateral deformations. This 
was verified in the tests, in which the yield point computed from the 

nas 
expression 7 
of rapid increase in deformations. The yield point cannot be located 
on the usual average load-strain curve, representing 12 or more gage 


= pf, + 0.85 f.’ (1 — p) agreed very well with the point 
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Jumns tested after 56 days moist curing and 1 year of further storage with strain observations. — 
Two Lae columns of each type. Two control cylinders per column. Gross column area, 
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TABLE 13 
ANALysis or Resutts or Tests or Trep CoLumns, SERIES 3 


sq. in. Concrete area, Ac = gross area — steel area. 


Nominal Design 


Load Distribution 


53.4 


; Ver- On Concrete _| Cylinder i 
Col- Loading ere Strength ee 
umn * Percentage| Before | Column | g¢o¢] at : Te! 
No. te Vertical Test | Strength | “yicg re A Ib. per °F 
Ib. per | Reinforce- lb. Point ig! Ib. per | sq. in. 
sq. in. anent ie ° sq. in. 
Arr STORAGE 
a 2000 4 1-year | 219 000 2860 
b load | 255 000 3090 
Average | 237 000 | 106 800 | 130 200 2540 2975 0.89 
a 2000 4 No 253 000 2650 
b load 238: 000)}.- ei I se eee 
Average | 245 500 | 106 800 | 138 700 | 2700 2750 0.94 
a 3500 1.5 l-year | 224 500 4700 
b load 226 600 4150 
Average | 225 600 35 800 | 189 800 3630 4425 0.82 
a 3500 4 l-year | 285 000 4670 
b load 320000 I ee Cee wir my 4730 as 
Average | 302 500 | 106 800 | 195 700 3810 4700 0.81 
a 3500 4 No 293 000 4225 
b load 308 500 4570 
Average | 300 800 | 106 800 | 194 000 3780 4400 0.86 
a 3500 6 1-year | 317 000 4215 
b load 291 000 eo on 4985 . 
Average | 304 000 | 135 100 | 168 900 3360 4600 0.73 | 
a 5000 4 l-year | 352 500 5870 
b load 387 000 ree as + =} 6950 
Average | 369 750 | 106 800 | 263 000 | 5130 6410 | 0.80 — 
a 5000 4 No 410 000 6245 
b load 420 000 6530 
Average | 415 000 | 106 800 | 308 200 6000 6390 0.94 
Grand Average...... 0.85 
Morst StoracEe 
a 2000 4 l-year | 220 000 3760 
b load 224 000 3575 ms 
Average | 222 000 | 106 800 | 115 200 2250 3670 0.61 
a 2000 4 No 188 600 3740 
b load 193 000 3430 
Average | 190 800 | 106 800 84 000 1640 3585 0.46 
a 3500 4 l-year | 273 500 4350 
b load 250 000 5480 
Average | 261 700 | 106 800 | 154 900 3030 4915 0.62 
a 3500 4 No 265 000 4910 
b load 339 000 5250 
Average | 302 000 | 106 800 | 195 200 3800 5080 0.75 
a 5000 4 1-year | 365 000 7045 
b load 338 000 6575 
Average | 351 000 | 106 800 | 244 700 4780 6810 0.70 
a 5000 4 No 330 000 
b load 300 000 re 
Average | 315 000 | 106 800 | 208 200 4070 5800 0.70 
Grand Average...... 0.64 


AN INVESTIGATION OF REINFORCED CONCRETE COLUMNS 53 


TABLE 14 


ANALYsIS Or Resutts or Tests or SprraLLy-REINFORCED Cotumns, Srries 3 


Columns tested after 56 days moist curing and 1 year of further stor: i i i 
: age, with strain observations. 
Two companion columns of each type. Two control cylinders per column. Net area of column core, A, 
50.26 sq.in. Notation used: _The column strength, P/A, is assumed to be equal to the sum of the portion 
on the vertical steel at the yield point, pf., that on the concrete net section, Cfe’(1 — p) and that attrib- 
uted to the spiral, kp’f.’.. C = 0.85 for air storage and 0.70 for moist storage. 


Nominal Design Columns After l-yr. Loading Columns After 1 yr., No Loading 
Apres 
Col- , einforce- | Total Con- : Coeffi-| Total _ | Con- Coeffi- 
per age ment P Moe crete ae po P Neem orto jie gent 
No. es Siese | soe s c Df i538 sare e p'fe’ or 
Oe BAe ep . A Ph (1—p) Spiral A Pfs (1—p) Spiral 


Laporatory Arr STORAGE 
TT __,nR _—Ss—_ SS — — ee 


a 2000 1.5), 2 4975 2040 4775 1890 
b 5055 2150 4955 2010 
Avierage |} 5015 715 | 2095 | 2205 | 2.29 | 4865 715 | 1950 | 2200 | 2.29 
a 2000 4 2 6170 sao 6685 sams 
b 7025 2270 6200 2660 
Avjerage| 6595 | 2140 | 2270 | 2185 | 2.27 | 6440 | 2140 | 2660 | 1640 | 1.70 
a 2000 6 2 6955 2100 7060 1985 
b 7105 2090 7090 1885 
Avjerage| 7030 | 2690 | 2095 | 2245 | 2.33 | 7075 | 2690 | 1935 | 2450 | 2.54 
a 3500 4 2 7980 4210 7920 3705 
b 8080 3710 7800 3735 
Avierage| 8030 | 2140 | 3960 | 1930 | 2.00 | 7860 | 2140 | 3720 | 2000 | 2.07 
a 3500 6 1.2} 7405 3250 
b 7240 3050 
Avjerage| 7325 | 2690 | 3150 | 1485 | 2.42] .... aoe Hees Rae 
a 5000 Lor 2 7985 4530 7600 4795 
b 7340 4730 8080 4725 
Avijerage} 7665 715 | 4630 | 2320 | 2.41 | 7840 715 | 4760 | 2365 | 2.45 
a 5000 4 2 9710 5600 9570 5560 
b 10195 5460 9750 5140 
Avierage| 9950 | 2140 | 5530 | 2280 | 2.36 | 9660 | 2140 | 5350 | 2170 | 2.25 
=! wife fecdesiee | Betis 
a 5000 6 500 4880 9970 5210 
b 9940 5000 10145 5150 
Avlerage| 9940 | 2690 | 4940 | 2310 | 2.40 |10060 | 2690 | 5180 | 2190 | 2.27 
Moist STorace 
a 2000 4 1.2} 5530 1740 5360 1850 
b 5500 1900 5320 1890 
Avierage| 5515 | 2140 | 1820 | 1555 | 2.54 | 5340 | 2140 | 1870 | 1330 | 2.17 
a 2000 4 2 6405 1990 6630 2040 
b 6375. aaeA Woe 6250 | otis 
Avjerage| 6390 | 2140 | 1990 | 2260 | 2.34 | 6440 | 2140 | 2040 | 2260 2.34 
3500 4 1.2) 6765 2680 6565 3290 
b 6525 2940 6445 3190 
Avjerage| 6645 | 2140 | 2810 | 1695 | 2.76 | 6505 | 2140 3240 | 1125 | 1.84 
3500 4 2 7880 3190 7920 3430 
b 7980 3430 7860 _3470 
Avierage | 7930 | 2140 | 3310 | 2480 | 2.57 | 7890 2140 | 3450 | 2300 | 2.39 
5000 4 1.2) 8725 4360 8215 4290 
b 8440 4440 8455 4510 
Avlerage| 8585 | 2140 | 4400 | 2045 | 3.33 | 8335 | 2140 | 4400 | 1795 | 2.92 
5000 4 2 9430 4750 9690 4680 
b 9790 4770 9500 4550 
Avlerage| 9610 | 2140 | 4760 | 2710 | 3.07 9595 | 2140 | 4615 | 2840 | 2.95 


Average value of k, Arr Storaan, 1.2 per cent spiral, 2.42; 2 per cent spiral, 2.26. 
Ry erage value of k, Moist STORAGE, 1.2 per cent spiral, 2.59; 2 per cent spiral, 2.57. 
Grand average value of & for 53 columns, 2.45. 
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lines, since initial failure is usually localized in one section of the 
column. The curves of Fig. 20, representing the strains at the zone of 
failure of some typical columns, show a good agreement between the 
computed yield point and the point of rapid increase in strain. 


26. Analysis of Column Strength—In the study of Series 1 and 2 
the distribution of the strength of the column among its structural 
elements has been analyzed. The portion carried by the concrete of 
a reinforced column has been taken as the strength of a plain column 
of the same cross-section. The strength of an 8 by 60-in. plain column 
was found to be 80 to 85 per cent of that of a 6 by 12-in. cylinder. 
In this series, data are available regarding the strength of plain 
columns tested after a year of either dry or moist storage, as given 
in Table 12. It is seen that the average ratio of column strength to 
cylinder strength is 0.86 for air-stored columns and 0.71 for moist- 
stored columns. The factor 0.85 is evidently closely applicable to the 
air-stored group but not to the moist-stored group. 

Further information is afforded by the results from tied columns 
given in Table 13. Here the total load is considered to be equal to the 
load carried by the vertical steel at its yield point stress, plus the 
load carried on the total concrete area. The concrete stress thus 
computed at the ultimate load is found to average 0.85 times the 
cylinder strength for air-stored columns, and 0.64 times the cylinder 
strength for moist-stored columns. This shows an even lower relative 
concrete strength in moist-stored columns than was indicated by the 
plain columns of Table 4, and results from the fact that for the moist- 
stored specimens the column strengths are less, and the cylinder 
strengths greater, than for the corresponding air-stored specimens. 

An analysis of the results of the tests of spirally-reinforced col- _ 
umns is presented in Table 14. Here the vertical steel has been™ 
assumed to contribute to the unit load an amount equal to its per- 
centage times the yield-point stress; the concrete strength on the net 
core area is taken at 85 per cent of the cylinder strength for air- 
stored columns, and at 70 per cent for the moist-stored ones. The 
remaining column strength is attributed to the spiral reinforcement, 
considered as equivalent longitudinal reinforcement, with a useful 
limit of stress f,’, and an effectiveness factor k. The average value of 
k is seen to be about 2.4, which is the value determined by Considere* 
rational auslysie’ of the, action of, suaht colt Ae rey oe cain the, rat to) cake = 


by an analysis of the internal friction of hooped sand in compression; on the basis of later 


concrete column tests the value was revised to 2.1, See Experimental Ri hes i i 
Concrete, by A. Considere, translated by L. S. Moisseiff, 1906. naa A 
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some thirty years ago. This value may be compared with the factor 
2.16 found in the tests of 10 columns of Series 1, and 2.10 for 58 
columns of Series 2. 

If the concrete strength for moist-stored columns had been taken 
as 0.85 f.’ instead of 0.70 f,’, the resulting value of k for these columns 
would have been 1.66 instead of 2.46, as given in Table 14. While the 
value of 0.70 f.’ seems entirely justified by the data of Tables 12 and 
13, the concrete strength and the value of k are dependent variables, 
and an error in determining one affects the accuracy of the other. 
Only when there is fair agreement between different series of tests in- 
volving varying amount and quality of spiral reinforcement, different 
grades of concrete, varying size of column, and different age and 
storage conditions, can a reliable value of k be considered to be 
established.* Even then, it must be remembered that beyond the yield 
point, a spirally-reinforced column is in a state of plastic equilibrium. 
Any factor tending to disturb this equilibrium, such as increased 
slenderness of column, a variation in end restraint, or an eccentric 
load, tends to decrease the effectiveness factor k for the spiral. 


*A reasonably direct determination of k from tests of ‘“‘flat-ended’’ plain columns and 
columns with a variety of spiral reinforcement but no vertical reinforcement is described in 
Bul. 190, “ing. Expt. Sta., Univ. of Ill. The value of & found for 1:2.1:2.5 gravel concrete 


was 2,05. 
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27. Effect of Sustained Loading for 3% Years.—Sixteen loaded 
columns and sixteen under no load have now been under observation 
for over 3% years. Observations after the first year were taken at 
intervals of three or four months, and the change in deformations 
in this latter period has been small. All of these columns are in air 
storage. Their make-up and the sustained loads to which they were 
subjected are indicated in Table 9. Time-deformation curves for all 
of the loaded columns are given in Fig. 21. It is seen that the greatest’ 
steel stress developed was 33 800 lb. per sq. in., representing an in- 
crease of 22 700 lb. per sq. in. over the initial stress. In general, for 
the 16 loaded columns, the average variation in stress over the 34% 
years is as follows: 


Total stress after loading period of 


Initial 
Stress 6 mo. | 1 yr. | 134 yn. | aye | 234 yr. | 3 yr. | 334 yr. 
Ib. per sq. in. $$ 
Ib. per sq. in. 
9900 21 700 | 23 100 | 24 200 | 24 500 | 24 900 | 24 200 | 25 200 


From the shape of the curves of Fig. 21 it does not seem likely that 
there will be any further appreciable increase in the steel stresses of 
these columns. The stresses in the unloaded columns also tend to 
support this conclusion, since in the reinforced columns the strains 
after the first year of air storage either remained constant, or de- 
creased somewhat. The shrinkage of the plain concrete columns in- 
creased during the first year, then remained very nearly constant 
during the following 2% years. 


VI. Series 5. Errect or Sizk or CoLumMNsS 


28. Description of Tests—Of the total of nearly 600 columns 
tested, all but 38 were 8 inches in diameter and 5 feet high. To de- 
termine whether any effect of scale existed between these small test 
columns and columns of the size used in building construction, two 
groups of larger test columns were made as Series 5 and 6. In Series 
5, a group of 20 columns of 12, 20, and 28-in. core diameters (with 
no shell outside the spiral) were included, all having a height equal 
to 7144 times the core diameter. These columns were made with two 
grades of concrete, of designed strength of 2000 and 3500 lb. per sq. in. 
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Fic. 22. View or 281n. Couumn Durine TEST 


at 56 days, and had 1.5 or 4 per cent of vertical steel and 1 per cent 
of spiral steel, all of intermediate grade. Details of the materials and 
the making of these columns are given in Sections 4 to 6. Curing of 
these columns differed from the usual procedure. Because of their 
size the columns could not be placed in the moist room, but were 


cured under wet burlap in the laboratory. 
All of the columns of this series were tested in the 3 000 000-lb. 
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TABLE 15 


Resvuits or Tests or CoLuMNS or Series 5 


No concrete shell outside spirals. Columns cured under wet burlap. Tested at age of 56 days. 
Three aby 12-in, control cylinders per column, Column lengths are 7% core diameters. Tests made in 
3 000 000-Ib. Southwark-Emery testing machine. All reinforcement of intermediate grade. 


Percentage of Uni A 
: é . nit Cylinder 
Catumn wr Length Reinforcement Maximum Toad! Bteonwte 
No. Spiral, in. ae aT T lb. pe eng Ib. es" 
Spiral | Vertical Ee as 
2000-LB. CONCRETE 
a 12}. 7-6 eG 1.56 440 000 3890 2740 
b 12 7-6 1.0 1.56 418 000 3700 | 2220 
Average 3795 2480 
a 12 7-6 1.0 4.25 546 500 4820 2700 
b 12 7-6 1.0 4.25 563 000 4980 2810 
Average 4900 2755 
a 20 12-6 1.0 1.53 1 215 000 3875 2390 
b 20 12-6 1.0 1.53 1 148 000 3660 2220 
: Average “3770 2305 
a 20 12-6 pe) 4.00 1 524 000 4850 2640 
b 20 12-6 1.0 4.00 1 340 000 4275 1960 
Average 4560 2300 
a 28 17-6 1.0 1.53 2 285 000 3715 2230 
b 28 17-6 1.0 1.53 2 150 000 3500 1820 
Average 3610 2025 
a 28 17-6 1.0 3.28 2 560 000 4170 1640 
b 28 17-6 1.0 3.28 2 526 000 4120 1980 
Average 4145 1810 
3500-LB. CONCRETE 
a 12 7-6 1.0 1.56 450 000 3980 . 3720 
b 12 7-6 1 BE¢) 1.56 526 000 4650 3490 
Average 4365 3605 
a 12 7-6 1.0 4.25 580 500 5120 3220 
b 12 7-6 1.0 25 627 000 5530 3980 
Average 5325 3600 - 
a 20 12-6 1.0 1.53 1 320 000 4210 3800 ss 
b 20 12-6 1.0 1.53 1 395 000 4450 3920 
Average 4330 3860 
a 20 12-6 1.0 4.00 1 761 000 5560 3060 
b 20 12-6 1.0 4.00 1 803 000 5740 3690 
Average 5650 3375 


OS 
‘ 


Southwark-Emery testing machine. The machine is served by a 10- 
ton travelling crane, and the columns (the largest weighing 8 tons) 
were placed in the machine with the crane and auxiliary hoists. 
Spherical blocks were used at each end of a column, but were wedged 


to prevent rotation after an initial load had been applied. Figure 22 
shows a view of a 28-in. column during test. 
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TABLE 16 


ANALYSIS OF REesutts or Trsts or Cotumns or SErizs 5 
All reinforcement of intermediate grade. Columns tested under fast loading. Values given are 


average of 2 column tests. 
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Distribution of Column 


Reinforcement Load, lb. per sq. in 
an yb. -in, 
Cylinder 
umn = 
Diam- Vertical Spiral Pi poe ert) 
eter 1 
in. Total | Com | ye |] Spirar | 1B: Ber 
Per- | Yield | Per-| Yield | P/A | O'St2) tical | SP! ne 
cent-| Point | cent-| Point (=p) aaa 
age p fi age p’ f.’ : 
a Na a Un | a 


2000-L8. ConcRETE 


12 1.56 51 500 1.00 42 100 3795 | 2075 805 915 Dake 2480 
4.25 41 700 1.00 42 100 4900 | 2240 | 1775 885 2.10 2755 
20 1.53 41 700 1.00 44 500 3770 | 1930 640 | 1200 2.70 2305 
4.00 50 400 1.00 44 500 4560 | 1875 | 2015 | 1670 1.50 2300 
28 1.53 50 400 1.00 41 300 3610 | 1695 770 | 1145 PHYA 2025 
3.28 45 300 1.00 41 300 4145 | 1495 | 1485 | 1165 2.82 1820 
Average 2.34 
3500-LB. CONCRETE 
12 1.56 51 500 1.00 42 100 4365 | 3015 805 545 1.29 3605 
4.25 41 700 1.00 42 100 5325 | 2885 | 1775 665 1.58 3550 
20 1.53 41 700 1.00 44 500 4330 | 3230 640 460 1.03 3860 
4.00 50 400 1.00 44 500 5650 | 2755 | 2015 880 1.98 3375 
Average 1.47 
Weighted average for all columns of series 1.99 


The columns were loaded to failure in about ten equal increments 
of load, at the ordinary “fast” rate of loading. Strain measurements 
were taken on these columns as on the smaller ones, generally at three 
levels, near the top, middle, and bottom of the column. In some cases 
additional readings were taken at the quarter-points of the column 


height. 


29. Analysis of Test Results—The principal data of the tests are 
given in Table 15. The columns all failed very slowly, reaching the 
maximum load without any breakage of spirals. Since the strength 
of both the concrete and the reinforcing steel varied considerably in 
the columns of different sizes, it is not possible to compare the column 
strengths directly. Instead, the results have been analyzed by the 
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method used with previous series. Table 16 presents an analysis of 
test results in which the portions of the column load taken by con- 
crete and longitudinal steel are computed, and the remainder is at- 
| tributed to the effect of the spiral reinforcement. This method throws 
all errors of assumptions as well as experimental inaccuracies into 
the portion credited to the spiral. In these large columns it was very 
_ difficult to secure even bearing of all vertical bars, and in very few 
cases was there the perfect bearing of all bars (flush with the concrete) 
obtained in the 8-in. columns. Such lack of effectiveness of vertical 
steel due to this cause is not considered in Table 16, but it is without 
doubt the cause of the low effectiveness credited to the spirals in 
some columns of the group. 

Table 16 shows a relative effectiveness of spiral reinforcement (as 
compared to an equal amount of vertical reinforcement of like 
quality) of 2.34 for the columns of 2000-Ib. concrete, and 1.47 for 
those of 3500-lb. concrete, with a grand average for the series of 1.99. 
This effectiveness factor agrees very well with the value of 2.10 found 
for the 8-in. columns of Series 2, and since there seems to be no 
marked difference in strength of similar columns of 8, 12, 20, and 
28-in. core diameters, it may be concluded that there is no decided 
“seale” effect, and that the results found with 8-in. columns apply 
very well to the larger columns. There is, if anything, an excess of 
strength in the 28-in. columns, as indicated by the high effectiveness 
of spiral reinforcement, but this deviation from the general conclu- 
sion is at least on the side of safety. 


VII. Series 6. Errect or PRoTECTIVE SHELLS 


30. Description of Tests—The columns in this series were the only 
ones in the investigation in which a protective shell of concrete was 
used outside the reinforcing spirals. In these tests the effect of a 
2-in. shell was studied. The series consisted of 14 columns, having 
core diameters of 8, 12, 20, and 28 in. In the latter three sizes these 
columns correspond to those of Series 5, except that only the columns 
with 4 per cent vertical reinforcement are included in this series. The 
methods of making and testing these columns were practically identi- 
cal with those used for the columns of Series 5. Figure 23 shows a 
view of one of the 32-in. columns during test, and Figs. 24 to 26 show 
views of several of the large columns of Series 5 and 6 for comparison. 
It will be noted from these views that at failure a considerable por- 


Fig. 24. Views or 24- anp 32-In. CoLumNns AFTER FAILURE 


tion of the outer shell had spalled off and that failure occurred at 
this reduced section. The tests verified the oft-repeated statement 
that where a protective shell is used on a spirally-reinforced test* 
column, such a shell will have been cracked loose before the spiral 
reinforcement is brought into action as a load-carrying element. 


31. Analysis of Test Results—The results of the tests are given in 
Table 17. The columns of 20- and 28-in. core diameter do not differ 
greatly in strength from the corresponding columns of Series 5, with- 
out shells, but for the smaller columns the outer shell added greatly 
to the strength. A little calculation shows that the concrete shells of 
the 8- and 12-in. columns should furnish more strength than the one 
per cent of intermediate-grade spiral reinforcement used; this is also 
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true of the columns with 20-in. core made with 3500-lb. concrete. 
In these smaller columns there was naturally little stress in the spiral — 
steel until the concrete shell began to fail, and the spalling of the 
shell precipitated failure, since the loss of the shell destroyed more — 
carrying capacity than the spiral reinforcement was able to supply. 
Consequently the maximum load was reached when spalling started; 
thereafter the load gradually decreased as the column was compressed 
until the maximum resistance of the spiral was developed, when the 
load held nearly constant for some time with further shortening of 
the column. The column finally failed at a load comparable with 
that for a column without a protective shell. No breakage of spiral 
occurred until after this secondary “maximum” load had been passed. 

In the 20- and 28-in. columns the spalling of the shell caused a 
temporary decrease in the load, as indicated by the testing machine, 
until further deformation of the column brought the spiral reinforce- 
ment into play. The further action of the column was similar to that 
of a column of Series 5. ; 

To study the effectiveness of the shell concrete as compared with 
that of the core, the following tabulation has been made, assuming 
the column concrete strength to be 85 per cent of the cylinder strength. 
The table gives the strength produced by either the spiral or the 
protective shell, computed as the excess over the portion of the load 
attributed to vertical steel and concrete core. 


Excess Column Strength—lb. per sq. in. 
Percentage 
Concrete |_ Core 
{ Cal of Shell 
Grade |Diameter Calculated, BS nape Destroyed by 
in. Actual Due to Gage Holes 
Spiral ~ 
Total Reduced ~ 
2000 8 1695 1225 2370 1425 40 
12 1425 840 1465 1055 28 
20 1565 890 725 595 18 
28 1105 825 465 405 13 
3500 8 1760 1225 4070 2440 40 
12 1135 840 2420 1740 28 | 
20 965 825 1330 1090 18 


This tabulation shows that in all cases the actual excess strength 
of the columns was more than that attributed to the spiral reinforce- 
ment (with k = 2.0) though in several cases it was less than might 
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TABLE 17 ; 
REsvuLts or Tests or CotuMNS or SERIES 6 


Two-inch protective shell outside spiral core. Columns cured under wet b 1 T 
of 56 days. Three 6 by 12-in. control cylinders per column. Column lengths ate Te See 
; ests made in 3 000 000-lb. Southwark-Emery testing machine. All reinforcement of intermediate grade. 


: os : “pedvwmies of nit 
Column ameter einforcement A Cylinder 
Column | pj OtoO | Length Maximum Load vy: 
P No. | ameter! Spiral | ft-in. |————7———— Tere “b ee) ae 
TBs Spiral | Vertical ; sq. in. sq. in, 
2000-LB. CONCRETE 

a 12 8 5-0 1.24 3.98 283 000 5630 2320 

b 12 8 5-0 1,24 3.98 284 000 5650 2140 
Average 5640 2230 

a 16 12 7-6 EA 4.25 584 000 5160 2250 

b 16 12 7-6 120 4.25 550 000 4865 2190 
Average 5012 2220 

a 24 20 12-6 1.0 4.00 1 575 000 5010 1790 

b 24 20 12-6 1.0 4.00 1 670 000 5320 2090 
Average 5165 1940 

a 32 28 17-6 1.0 3.28 2 515 000 4080 2060 

b 32 28 17-6 1.0 3.28 2 492 000 4040 1540 
Average 4060 1800 

3500-LB. CONCRETE 

a 12 8 5-0 1.24 3.98 358 000 7110 3950 

b 12 8 5-0 1.24 3.98 347 000 6900 3710 
Average 7005 3830 

a 16 12 7-6 1.0 4.25 693 000 6130 3530 

b 16 12 7-6 1.0 4.25 667 000 5900 3800 
Average 6015 3665 

a 24 20 12-6 1.0 4.00 1 795 000 5710 3810 

b 24 20 12-6 1.0 4.00 1 900 000 6060 3315 
Average 5885 3560 


be expected from the total shell area multiplied by 0.85 f.’. However, 
it is certain that the gage holes cut in the shell to expose the longi- 
tudinal steel, nearly 21%4 in. below the surface, destroyed a considerable 
part of the shell area, besides introducing localized stresses. Based 
on estimated percentages of shell area destroyed (see last column), 
reduced values of calculated shell strength are given in the next to 
the last column of the table. These indicate that, for columns of 
2000-lb. concrete, the actual strength was as much as, or more than, 
the calculated value. For the columns made with 3500-lb. concrete, 
the net shell area was nearly all effective in the 20-in. columns and 
about two-thirds effective in the smaller columns. Most of this de- 
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ficiency would disappear if the effectiveness of the column concrete 


were assumed to be 0.80 f.’ instead of 0.85 f.’. 


It seems. evident from this study that spiral reinforcement may not 


be very effective as a strength-giving element in small columns with 
protective shells, though it does perform a useful function in pro- 
viding toughness, so that a sudden failure will not occur. With the 
use of small columns of strong concrete, relatively thick shells, and 


spirals of intermediate-grade steel, a fairly high percentage of spiral 


reinforcement is required to equal the element of strength provided by 
the concrete shell. This required amount is easily calculated by 
means of the equation 


te  Agkat 
fen A core 


Although complete effectiveness of the shell concrete was not well 
demonstrated by the tests, due to the somewhat indeterminate effect of 
the large gage holes opened in the concrete shell, the foregoing analysis 
indicates that full effectiveness might be expected from columns in 
which the shell was undamaged. A few more tests on columns with 
various shell thicknesses, and with no gage holes, are still needed to 
furnish a definite answer to this question. 


2 Dake Pee = 0.85 f° Ashell; or p’ = .0.425 


(6) 


VIII. Series 7. Errect or Kinp or Sprrau REINFORCEMENT 


32. Outline of Tests—The spirals used in Series 1 to 6 were made 
of hot-rolled rod of intermediate grade. Series 7 was planned to study 
the effect of using cold-drawn wire of very high strength as spiral 
reinforcement. Columns were made with 1.2 per cent of drawn-wire 
spiral reinforcement and 0, 1.5, and 6 per cent of vertical steel, cor- 
responding in all respects except in the grade of spiral steel with 
columns of Series 2 made with spirals of hot-rolled rod. An additional 
group of columns was also made with 2 per cent of both hot-rolled 
and drawn-wire spirals, combined with 0, 1.5, and 4 per cent of ver- 
tical steel. The series thus affords a fairly direct comparison of the 
column strengths produced with the two grades of spiral steel.‘ All 
columns of the series were 8-in. in diameter and 5 ft. high, with 
cylindrical shafts, plane ends, and no protective shells. 


33. Materials—A description of the materials and making of 
columns is given in Sections 4 to 6. For convenience of reference, 
data with respect to the reinforcing steel are summarized as follows: 


| i 


Kind of Percentage of Yield-Point 


Reinforce- Reinforce- Size Stress* 
ment ment. Ib. per sq. in. 
Longitudinal 1.57 4-14-in, round 46 600 
(Int. grade hot- 3.98 8-14-in. square 52 900 
rolled rod) 5.94 OES round 45 500 
4-34-in, round 
Spiral 1.24 No. 5 (0.207 in.), 1.35 in. pitch 47 200 
(Int. grade hot- 2.00 Y-in., 1.19 in. pitch 49 000 
rolled rod) 

Spiral : 1.24 No. 5, 1.35 in. pitch 80 400 
(Cold-drawn wire) | ~~ 2.00 \4-in., 1.19 in. pitch 83 200 
47 700+ 


*For spirals, “useful limit’’ (see Section 4). 
{For two spirals only, as noted in Table 18. 


~The columns were made of 3500-lb. concrete, except for two which 
were made, by error, of 5000-lb. concrete. The columns were tested 
after 56-day moist curing. 


34. Description of Tests—The method of loading corresponds with 
the “slow” loading used in the tests of Series 2. The load was applied, 
up to three-fourths of the estimated “yield point” of the column, in 
about 8 increments of 8 or 10 minutes each, with complete strain 
readings at each increment of load. The remaining load was applied 
in 6 to 10 more increments, each extending over 4 hours. Strain 
readings were taken at the beginning and end of the 4-hr. period, and 
an effort was made to hold the load constant over this period by use 
of the car-spring base of Fig. 6. 

Average stress-strain curves for each type of column made with 
3500-lb. concrete are given in Figs. 27 and 28. Each curve represents 
the average from two companion columns. The irregular shape of 
these curves is due to the yielding of the concrete during the 4-hr. 
period between application of loads. Due to this irregularity it is 
difficult to distinguish a critical point in the stress-strain curve at 
which the yield point of the vertical steel was reached, but it is evi- 
dent that at deformations beyond 0.00152 to 0.00176 (corresponding 
to the range in yield point of the vertical steel used) the deformations 
of the columns began to increase rapidly. 

One difference was noted in the performance of the two types of 
column near the maximum load. The columns with hot-rolled spirals 
took load very slowly near the maximum, and there was no spiral 
failure when the maximum was reached. Beyond the maximum, as 
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the loading head of the machine was run down, the resistance of the 
column gradually decreased and finally failure of the column took 
place through the breakage of one or more spiral wires and an ac- 
companying buckling of vertical bars. In the columns with drawn- 
wire spirals, however, failure occurred suddenly while the column was 
still taking load at a fairly good rate. The failure produced by the 
breakage of spiral wires and the accompanying buckling of vertical 
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bars, was generally violent. In many cases the concrete within several 
inches of the point of failure was completely shattered when the lateral 
restraint of the spiral was lost. While these differences in behavior 
are partly a result of the method of applying load in the testing 
machine and do not indicate the action that would occur under a 
gravity load, they may have some significance as to the resistance 
offered by the two kinds of spiral near failure. 
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TABLE 18 
Anatysis or Resuuts or Tests or CoLUMNS OF SERIES 7 4 


Results for columns with 1.2 per cent spiral, intermediate grade, from Series 2 are included. 4 
columns tested under slow loading, after 56 dave moist curing. Columns with 2 per cent drawn-wire, 
no verticals, were made after main group, using new lot of spirals (yield point—47,700). All colum nS 
‘i 8 in. in diam., 5 ft. long. Core area 50.27 sq. in. All vertical reinforcement of intermediate grade. Two 
’ 6 by 12-in. control cylinders were made with each column. ; 


& 


Columns with Intermediate Columns with Drawn Wire 
Grade Spirals Spirals . 


age Rein- 
forcement’ 


P Percent- 


.| Column | Cylinder Unit _| Column | Cylinder Unit . 
thd Strength] Strength] 9 95; ,| Load os Strength] Strength], 95 J! Load yr 
if lb. per | lb. per pa f Ib. per | lb. per 1—p)| oD kf 
oe sq. in. (1—p) Spiral Po ‘ral sq.in. | sq. in. (i-p Spiral 8 ral 
f P/A te! Eph? 


sq. in. 
P/A 


0 | 1.2 4000 3580 | 3040 5050 3760 3200 
4220 3490 2970 5000 3675 | 3120 

0} 4110 3535 | 3005 | 1105 | 1.89 5025 3720 | 3160 | 1865 | 1.87 
1.5} 1.2 4650 3870 | 3240 5610 3500 | 2930 
4840 4050 | 3390 5900 3840 | 3215 

730 | 4745 3960 | 3315 | 700 | 1.20 5755 3670 | 3070 | 1955 | 1.96 
6.0) 1.2 6420 3190 | 2550 7510 3400 | 2720 
6500 3630 | 2905 7760 3450 | 2760 

2700 6460 3410 | 2730 | 1030 | 1.76 7635 3425 2740 | 2195 | 2.20 

0 |} 2.0 4930 3540 | 3010 *5230 4090 3475 
4530 3640 3090 *4690 3940 | 3350 

0 | 4730 3590 | 3050 | 1680 | 1.71 | *4960 4015 3410 |*1550 |*1.63 
1.5} 2.0 5600 3615 | 3025 7400 3770 3155 
5220 3710 | 3105 6760 3630 | 3040 

730 5410 3660 3065 | 1615 | 1.65 7080 3700 3095 | 3255 | 1.96 
4.0} 2.0 6950 3980 3250 8550 3670 | 2995 
7290 4140 | 3380 8620 3875 3160 

2105 | 7120 4060 3315 | 1700 | 1.73 8585 3770 3080 | 3400 | 2.04 


5000-LB. ConcRETE _ 
a ee 
4.0} 2.0 10050 5300 4325 
10390 5365 4375 
2105 10220 5330 4350 | 3765 | 2.26 
Average value of coefficient k, 1.24 per cent spiral...} 1.62 2.01 
2.0 per cent spiral...| 1.70 1.97 
==" 


Grand average value of k for series................ .84 
*These columns made with drawn-wire spirals, yield point 47 700. 
fYield points, lb. per sq. in., as follows: 


Vertical Bars Intermediate Grade Spirals Drawn-Wire Spirals 
1.5 per cent — 46 600 1,2 per cent — 47 200 1.2 per cent — 80 400 
4.0 per cent — 52 900 2.0 per cent — 49 000 2.0 a cent — 83 200 
6.0 per cent — 45 500 *2.0 per cent — 47 700 
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35. Analysis of Load Distribution—The principal test results are 
given in Table 18. The table also presents an analysis of the distribu- 
tion of the column load between the concrete section, the longitudinal 
reinforcement, and the spiral reinforcement. Following the procedure 
described in previous sections, the portion of the column load to be at- 
tributed to the spiral was determined. Assuming the spiral steel to be 
stressed to its useful limit f,’, its effectiveness as compared to that of 

an equal volume of vertical reinforcement of the same quality has 
_been expressed as a ratio or coefficient, k. The value of k averages 1.66 

_for the intermediate-grade spirals, and 1.99 for the drawn-wire spirals, 

giving a grand average for the series of 1.84. The corresponding 
average value of k found for the intermediate-grade spirals in the 10 
columns of Series 1 was 2.16; for 50 columns of Series 2, made with 
spirals of the same shipment, the value was 2.10. The value of 1.66 
found here is thus considerably lower than the average for this 
material. 

Table 18 affords still another comparison between the effects of 

the two types of spirals. The values for columns with no verticals and 
2 per cent of spiral reinforcing are not comparable because the drawn 
wire used in this case differed from that used in the other tests; but 
the remaining columns made with 3500-lb. concrete show that, after 
correction had been made for individual differences in the concrete, 
the columns with drawn-wire spirals carried about 840 lb. per sq. in. 
more load for each 1 per cent of spiral reinforcement than did those 
with intermediate-grade spirals. The effectiveness of the latter is held 
down by one very low individual value, 1.20, but even if all differences 
in the coefficient k for the two groups were considered to be accidental, 
and therefore negligible in view of the small number of tests, there 
would still remain a difference in column strength equal to the dif- 
ference in yield-point strengths multiplied by the factor k and the 
percentage of spiral. This would average 33 700 < 1.84 < 0.01 or 620 
lb. per sq. in. as the difference in column strengths for each 1 per cent 
of spiral reinforcement used. This value seems more rational and free 
from accidental variability than the value of 840 lb. per sq. in. just 
quoted. 

It will be remembered that the extra margin of strength secured by 
the use of drawn-wire spirals is accompanied by large deformations of 
the column. Thus the data from which Fig. 28 was plotted show 
ultimate longitudinal unit deformations in columns with hot-rolled 
spirals as great as 0.007, while for columns with drawn-wire spirals the 
longitudinal unit deformation in one case reached 0.016. With such 


72 ILLINOIS ENGINEERING EXPERIMENT STATION ~<a 
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large deformations, there may be some question of the usefulness of. 
the strength produced by the spiral reinforcement, particularly in- 
practice, where there is commonly some bending stress present; but 


the spiral reinforcement certainly provides an insurance against 


sudden collapse of the column comparable with the margin of strength 4 


above the yield point in a steel tension member. 


point “of the column, similar ia that of Sections 15 and 25, (1) by de- 
termining the load at which column deformations reached the value 
corresponding to the known yield point of the vertical steel, and 
(2) by computing the load corresponding to the ultimate strength of 
the concrete plus the yield-point stress of the vertical steel. The first 
value is shown on Figs. 27 and 28, and evidently coincides with a point 


of rapid increase in strains. Values as found from both determinations. _ 


are listed in the following table. 


Percentage of Average Stress at Yield Point of Column 
Reinforcement Ib. per sq. in. 
Hot-Rolled Spirals Drawn-Wire Spirals 
Spiral Vertical r Pe F be 
rom stee 1 rom stee ! 
deformation, 0.85fe' + Pfs deformation 0.85fe' + Pfe 

122 0 ee se 3005 erat 3160 
15 4050 4045 4200 3800 
6.0 5500 5430 5500 —§440 
2.0 0 oe 3050 en: 3410 
iis 3900 3795 4050 3825 
4.0 5400 5420 5400 5505 


* 


The table shows a good agreement in the yield points found by the 
two methods. Furthermore, the values are seen to be practically in- 
dependent of the amount and quality of the spiral steel, as might be 
expected. It may appear strange that the yield point of columns with 
4 per cent of vertical steel is nearly as great as that of columns with 
6 per cent; however, reference to Table 18 will show that this is due 
to the superior quality of both concrete and vertical steel in the former 
group of columns. 

The yield points in the fourth and sixth columns of the foregoing 
table may be compared with the ultimate column strengths. The ratio 


of ultimate strength to yield-point stress shows the following range of 
values: 
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1.2 per cent hot-rolled spirals, 0 to 6 per cent verticals, 1.17 to 1.37 
1.2 per cent cold-drawn spirals, 0 to 6 per cent verticals, 1.40 to 1.59 
2.0 per cent hot-rolled spirals, 0 to 4 per cent verticals, 1.31 to 1.55 
2.0 per cent cold-drawn spirals, 0 to 4 per cent verticals, 1.46 to 1.94 
_ These ratios have a significant bearing on the choice of formulas for 
column design. 


IX. Series 8. Errect or Bonp Srresses IN VERTICAL 
REINFORCEMENT 


37. Outline of Tests—To secure information on the action of 
columns in which load was transmitted to the vertical reinforcement 
by bond and not by direct bearing, this small series of 12 columns was 
tested. In this series the reinforcing bars were stopped %4 in. short 
of each end of the column, and in the tests care was taken that there 
was no concrete or other bedding material between the bar ends and 
the bearing blocks of the testing machine. As in previous tests, strain 
gage lines were located at mid-height of column and 10 in. from each 
end. All reinforcing bars were 14 in. round or square, so that the 
centers of the top and bottom gage lines were less than 20 diameters 
from the ends of the bars. It might be expected that the full strength 
of the bar would not be developed by bond in this distance. 

Three designs of column were used, with four columns of each 
kind. All columns were made with 2.0 per cent of intermediate-grade 
spiral reinforcement; one lot was made with 3500-lb. concrete and 3.98 
per cent vertical steel, while the other two were of 2000-lb. concrete, 
with 1.57 and 3.98 per cent of vertical steel, respectively. All were 
cured 56 days in the moist room, then half were tested rapidly to 
failure, and the other half held for a year under sustained loading by 
the method used with Series 3. 


38. Results of Sustained Loading Tests——The sustained loads ap- 
plied were identical with those applied in Series 3 (see Table 9) to 
corresponding columns. The columns were stored in the air of the 
laboratory. A summary of the measured stresses (the average from 
4 gage lines each at top, middle, and bottom) at the beginning and 
end of the 1-year period are given in Table 19, together with similar 
values from Series 3, included for comparison. In Series 3, the milled 
ends of bars were flush with the plane ends of the coulmns. It is evi- 
dent that the total stresses produced in the columns of Series 8 by the 
1-year loading are just as great as those of Series 3; in fact, the rate 
of increase is a little higher for Series 8. There seems to be no doubt 
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TABLE 19 
SrreL Stresses IN CoLuMNS UNDER ONE-YEAR SusTAINED LOAD 


a Values given are average for 2 companion columns 
SS ———————————————————————EEE—— 
; : Nominal Design Steel Stress—lb. per sq. in. 
, Sustained : 
i Gone Reinforcement ie ge Series 8 Series 3 
. (iar: fen ee = a , ee reer ee Se 
Grade "a: - eas . 
Vertical | Spiral Initial | Final | Increase} Initial Final | Increase 
} 2000 1.57 2.0 38 000 4 900 | 20 800 | 15 900 7 500 | 21 200 | 13 700 
; 2000 3.98 2.0 64 000 10 200 | 21 600 | 11 400 | 14 000 | 21 400 7 400 
3500 3.98 2.0 79 000 11 000 | 24 000 | 13 000 | 10 300 | 20 600 | 10 300 


that flow and shrinkage stresses are induced in the reinforcing steel, 
even if they are transmitted to the steel entirely by bond. Figure 29 
shows the relation between time and deformation for these same 
columns for the l-yr. period. There is no marked difference in the 
results from the two series, though small variations might be expected 
from seasonal atmospheric differences, since the loading period began 
in winter for Series 8, and in summer for Series 3. ; 

From the foregoing rather meager data, it may be concluded that 
at working stresses the effect of plastic flow and shrinkage is not 
changed by the manner in which stress is transmitted to the rein- 
forcing steel. ; 


39. Ultimate Strength of Columns.—One group of six columns was 
moist-cured 56 days, subjected to sustained loading one year, then 
loaded rapidly in increments, to failure. The corresponding group was 
tested to failure after 56-day moist curing. Results of these tests are 
given in Table 20. The analysis of column strengths has been made 
as in previous tables, charging any deficiency in strength to the effec-. 
tiveness of the spiral reinforcement, which, of course, is illogical here, 
where it is evident that the deficiency must be due to the vertical 
steel. However, noting in the first group that a spiral contribution 
of 1925 lb. per sq. in. gives an effectiveness factor of 2.0, which agrees 
well with other tests, the corresponding spiral contributions may be 
compared with the value of 1925 lb. per sq. in. Thus the second pair 
of columns shows a deficiency of 325 lb. per sq. in., and the following — 
pairs deficiencies of 510, 370, 510 and 625 lb. per sq. in., respectively. 
These values represent a deficiency in the column strengths of from 
6 to 10 percent below what would be expected from columns with end 
bearing of the reinforcement. 

The reason for the deficiency in strength of these columns is not 
hard to find. The vertical steel near the ends cannot possibly receive 
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| enough stress by bond to make it effective. This is well shown by a 
comparison of the strain measurements at the middle of the column 


and at points 10 in. from the top and bottom. Table 21 gives values of 
the ratio of strains at middle and ends of columns, for 16 to 20 read- 
ings during sustained loading, and for 7 to 10 readings during subse- 
quent loading to failure. Values for the corresponding columns of 


Series 3 are also given. For Series 8 the ratio was above unity and 
remained nearly constant under the sustained loading. When the 
column was loaded to failure the ratio increased from 1.1 or 1.2 to 
a value of 1.5 to 1.9, as the stress finally reached the yield point on 
the middle gage lines. The average value for this loading stage was 
about 1.36. Compared with these values the corresponding ratios for 


the columns of Series 3 show no consistent variation from a value of 
1.0, thus verifying the observation that failure occurred at varying 
points in these columns. The study of these ratios shows clearly that 
full effectiveness of both vertical and spiral reinforcement at failure of 
the columns of Series 8 was impossible. 

A further complication was produced in the results of Group 2, 
Table 20, by the inadvertent testing of these columns with spherical 
blocks at each end, unwedged. The columns thus were not tested flat- 
ended, but were partially restrained by the friction of the spherical 


blocks. The strength was probably lowered by this procedure, and this 


t 


may account in part for the deficiency in strength noted in the table 


for this group. 
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TABLE 21 


Comparison or Strains aT Mippie AND Enps or CoLuMNS OF 
SERIES 3 AND 8 


Each value represents 8 to 20 readings on each of 
two companion columns 


Description of Column 


Series Loading Concrete seat. het we oats wen: 2000 | 2000 | 3500 
Percentage Vertical Reinforcement.....| 1.57 3.98 3.98 
Percentage Spiral Reinforcement...... 2.0 2.0 2.0 


Ratio of Strains at Mid Column to 
Strains 10 in. from Ends 


SAUTE Ha 1 Coe Us lige A ARTE Sey ete oe a ets a ce Te) h 1.18 1.03 
Sustained load, 1 yr. d 
PR ested hot AEP re lel srraia stave ia aicisisers sce’ Ria lo wieTere emi eres melete 1.36 1.37 1.36 
Beinohecnelicadsl yr:.|. 2,20 02k. necs2h bones sal cssash ne 1.00 | 0.98 | 1.06 
Sustained load, 1 yr. 
ARESLPES IANS TNO) ae [Ee ers oe eRe Ree Ries Minlessrs 1.02 0.95 1.08 


40. Effect of Transmission of Stress to Steel by Bond.—The trans- 
mission of stress by bond in Series 8 must be distinguished from the 
action of dowels or lapped splices, as in Series 1, where there was a 
chance for full effectiveness of reinforcing bars at any section. The 
tests of Series 8 present impossible conditions for full effectiveness of 
reinforcement at high loads. The tests originated in the thought that 
floor loads are transmitted by bond to the vertical steel of building 
columns in service. However, in a building, only a small part of the 
column load is applied at each floor level; furthermore, there is con- 
tinuous steel at each level, and there is possible a bearing stress be- 
tween concrete and bar ends equal to several times the ordinary 
cylinder strength of the concrete. 

It may be concluded that, while the conditions of these tests were 
far more severe as to bond requirements than would be encountered in 
actual buildings, the development of flow and shrinkage stresses was 
unaffected by these conditions, while the ultimate column strengths 
were reduced from 0 to 10 per cent below a normal value as de- 
termined from preceding series in which load was transmitted to the 
reinforcing bars by bearing. These tests do not appear particularly 
significant as regards the interpretation of the other tests covered in 


the investigation. 
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X. Sertes 31. Errect or VERTICAL REINFORCEMENT 
or HicH STRENGTH 


41. Outline of Tests This series of tests was made in 1931 for the 
Concrete Reinforcing Steel Institute, Chicago, Illinois, and was 
planned to supplement and extend the column investigation by a study 
of the action of vertical reinforcement of high elastic strength. The 
tests correspond to the preceding series in all details except quality of 
reinforcing steel; type and size of specimen, and method of making, 
storing, and testing of specimens were identical with those of-Series 
2. The results of these tests have been very kindly released for publi- 
cation by the Institute. 

Sixteen columns, 8!4-in. in diameter and 5 ft. high were tested; . 
of these, 12 correspond to a group of columns of Series 2, made with” 
structural, intermediate, and rail steel vertical reinforcement. It was 
the object of the present tests to secure data with the use of a still 
stronger grade of vertical steel. Two lots of high-strength steel were 
used, thus furnishing a comparison (between the two series) of the 
effectiveness of vertical steel bars of five different grades. The te- 
maining 4 columns of the group were made with a lapped splice in all 
vertical bars to study the effectiveness of such splices in transmitting 
the very high compressive stresses developed in bars of this quality. 


42. Materials and Making of Columns—The concrete materials 
were similar to these used in Series 2, except that the Lehigh cement, 
purchased locally, gave lower strengths than that used in the preceding 


- 


he TABLE 22 
¥ ANALYSIS OF RESULTS oF TEsTs or CoLuMNs or SERIES 31 


_ Columns tested after 56 moist curing; tested moist. Columns 8 in. diameter, 5 ft. high, 50.2 
‘Sq. in. core area. All columns had 3.98 per cent vertical reinforcement, 1.24 per cent spiral. ao control 
: ee ae each column. Columns 7, 8, 17 and 18 had 50-diameter lapped splices in vertical steel 


Distribution of Column Strength 


Concrete Cylinder * Ib. per sq. in. 
. Strength Maximum oF tua 
. per sq. in. 
Column On Vertical Steel 
No. © |———— | A a On son ; 
oncrete ira, 
From 0.85 fe’ 2.05 From | Calculated 
Nominal | Cylinder Ib. ped Der (1—p) p'f.' Column Sea 
Tests sO Data on 
yu 


Lor 1. Yreuip Pornt or Verticat Bars—71 700 Lz. Per Sa. In. 


1 2000 1755 351 000 6980 

2 1700 339 200 6740 
Average 1730 Average 6860 1410 1690 3760 2860 

3 3500 3055 377 800 7520 

a 3210 377 500 7460 
Average 3130 Average 7490 2555 1595 3340 2880 

5 5000 4750 403 500 8030 

6 4860 413 000 8220 
Average 4805 Average 8125 4000 1640 2495 2850 

re 3500 3210 369 500 7340 

8 2690 366 500 7280 
Average 2950 Average 7310 2405 1620 3285 2830 


Average 3220 2855 


Lor 2. Yreup Point or VERTICAL Bars—96 400 Lz. PER Sa. IN. 


11 2000 1405 328 600 6550 
12 1490 347 000 6910 
Average 1450 Average 6730 1185 7 1630 3915 3840 
13 3500 2650 396 700 7925 
14 2765 393 000 7830 
Average 2710 Average 7880 2210 1595 4075 3885 
15 5000 4720 430 000 8565 
16 4860 431 000 8585 J 
Average 4790 Average 8575 3910 1665 3000 8790 
ii 3500 2750 366 000 7290 
18 3220 395 000 7870 
Average 2985 Average 7580 2435 1610 3535 3820 
Average 3635 3860 
e 


series, and this prevents direct comparisons with the column strengths 
of Series 2, though correction is easily made for this variation. 

The spiral reinforcement was intended to match the No. 5 hot- 
rolled rod used in Series 2, but was considerably stronger, having 
average useful limit and ultimate stresses of 64 000 and 99 700 lb. 
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per sq. in. as compared with the values of 49 400 and 79 500 lb. per 


sq. in. for Series 2. Two lots of %4-in. square vertical bars were used, 
with average yield points of 71 700 and 96 400 lb. per sq. in., and 
ultimate strengths of 135 800 and 133 200 lb. per sq. in. The first lot 
showed a peculiar stress-strain relation at the proportional limit, as 
shown in Fig. 30. There is no yield point, defined as a horizontal 
portion of the stress-strain curve. The material of the second lot had 
a well-defined yield point, and satisfactory ductility. 

The columns were of 8-in. core diameter, 60-in. length, and were 
tested ‘“flat-ended” by the “fast’’ loading method used in Series 2. 


43. Analysis of Test Results—The principal results of the tests 


are given in Table 22. An analysis of the column strength has been — 


made by the method used in previous series, attributing various 
portions to the concrete, the vertical steel, and the spiral steel. In the 
tests of Series 2 used for comparison here, the effectiveness of the 
spiral reinforcement was found to be 2.05 -times that of an equal 
amount of vertical steel of like quality. On this basis the last two 
columns of Table 22 provide a comparison of the effectiveness of the 
vertical reinforcement of Series 31 and Series 2. The column headed 
“From Column Data” represents the portion of column strength 
credited to the vertical steel by eliminating the contributions of con- 
crete and spiral steel. The last column gives the calculated resistance 
of the steel at its yield-point stress. 

The vertical steel of columns 1 to 8 performed somewhat better 
than would be expected from a consideration of its yield point value, 
the column strength attributed to the vertical steel averaging about 
12 per cent above the calculated value. On the other hand, the verti- 
cals of columns 11 to 18 fell slightly below the expected performance,, 
giving a test strength on the average 6 per cent lower than the valué 
calculated. The higher relative showing for the steel of columns 1 to 8 
may be explained from the shape of the stress-strain curves of Fig. 30. 
The bars of this lot did not show a definite yield point, but the curves 
continue to rise after the break, at a fairly definite slope. Within the 
range of deformations noted in these columns before failure, it would 
be possible to develop a stress perhaps 12 to 15 per cent greater than 
the yield point values determined and used in the foregoing analysis. 
The steel used in columns 11 to 18, on the other hand, shows a definite 
yield point, with no increase in stress over a considerable range in 
deformation, and would not be expected to contribute more than its 
yield-point resistance to the sum total of the column strength. 
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It may be noted that there appears to be an unexplained excess of 
strength in the columns of 2000-lb. concrete, and a deficiency in that 


_ of the columns of 5000-lb. concrete. This indicates that perhaps the 
_ Strength of the column concrete should be taken as slightly less than 
the 0.85 f,’ used. 


The test results may also be represented graphically by superim- 


posing them on Figs. 8 and 9, as replotted in Figs. 31 and 32. The 


results of Table 22 have been reduced to correct for a difference in 
spiral quality between Series 31 and 2 amounting to (64 000—49 400) 
x 0.0124 X 2.05, or 370 Ib. per sq. in. of column strength. Figure 31 
shows column strengths for the two series of tests plotted against the 
strengths of the control cylinders. The upper two curves represent 
Series 31, including the columns with spliced bars. These curves are 
not parallel to those of Series 2, as theoretically they should be, but 
they show a decided margin of superior strength. A better compari- 
son is afforded by Fig. 32, in which column strengths interpolated 
from the curves of Fig. 31 are plotted against yield points of vertical 
steel. Even though the data of Series 31 have been reduced to com- 
pensate for the stronger spirals, the test strengths were well above the 
computed curves (having a slope pf,) in five cases out of six, and the 
average is well above the computed average. The exceptionally high 
strengths obtained with the steel having a yield point of 71 700 lb. 
per sq. in. have already been explained by reference to Fig. 30. 

It may be concluded that the high-strength vertical reinforcement 
(with yield points of 71 700 and 96 400 lb. per sq. in.) used in these 
tests was fully effective in producing column strength, as compared 
with the general results of the column tests heretofore described. The 
excess strength obtained with the first lot of steel is apparently due to 
a property of this high-carbon steel which is not always found with 
high-strength steels, though the rail steel of Series 2 showed it to a 
lesser extent. The steel of the second lot was an alloy steel. 

The dowel splices used in columns 7, 8, 17 and 18 were similar to 
those of Fig. 4, Series 1, except that a 50-diameter lap was used. Strain 
readings were taken on these dowels or splice bars at the top and 
bottom gage lines, as well as a “cross-reading,” slightly on the di- 
agonal, from main bar to splice bar. This cross-reading was intended 
to indicate any relative motion or slip of dowel with respect to main 
bar. If no slip occurred, the strains measured in the cross-reading 
were the same as those in the main bar or dowel. The stress-strain 
curves obtained (not shown here) indicated that no great amount of 
slip occurred until very near the maximum load. The fact that the 
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columns with splices carried substantially the same loads as those 
without splices is good evidence that the effectiveness of the high 
‘strength reinforcement was not appreciably reduced by the lapped 
plices. Evidently the 50-diameter lap splice was able to develop the 
full elastic strength of 4 per cent of high-strength vertical reinforce- 
‘ment, used in columns of approximately 3000-lb. concrete. 

, 


XI. Discussion AND SUMMARY OF RESULTS 


_ 44. Comparison of Results from Illinois and Lehigh Tests.— 
Although it was not possible to publish jointly the results of the tests 
made at Lehigh University and at the University of Illinois, a brief 
comparison of the findings at the two laboratories, as given in progress 
reports, may be made. The tests of Series 1, 2, 3, and 7 were made at 
both places, and those of Series 4 at Lehigh only. 

Series 1.—The tests at Lehigh were made using 3500-lb. concrete; 
those at Illinois with 5000-lb. concrete, which might be expected to 
give better bond strength. The relative strengths of the four types 
of columns were as follows: 


Columns with | Columns with | Columns with | Columns with 


Laboratory plane ends capitals 20-d lap 30-d lap 
Illinois 100 98.1 95.6 96.2 
Lehigh 100 96.1 84.8 88.5 


The strength of columns with capitals was satisfactory in both 
cases. The lower effectiveness of the Lehigh columns with lap-splices 
may be due to the weaker concrete. There was also a slight difference 
in fabrication; the upper dowels at Lehigh were forced into the column 
after the concrete was placed, while at Illinois they were wired to the 
spirals and main longitudinal bars before they were placed in the 
form. This limited group of tests is in accord with previous experi- 
ments* in showing that satisfactory effectiveness may be secured with 
lap splices when a moderate steel percentage is used. 

Series 2—The Lehigh test results agreed very well with the Illinois 
results given in Chapter IV. There was one consistent difference: 
the column strengths at Lehigh were nearly 40 000 Ib. less than those 
at Illinois, a difference of more than 10 per cent of the average 
strength. This difference was not due to differences in materials or 


iepki . i i liced in Various 
*O, A. Wiepking, ‘‘Tests on Concrete Columns Reinforced with Steel Sp 
Ways,’”’ Wisconsin Engineer, Vol. XXX, No. 5. 1926. 
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to errors in testing machines. The only reasonable explanation seems E 
to lie in a difference in testing procedure. The Illinois columns were } 


tested “flat-ended”; at Lehigh the spherical block was not wedged 
to prevent rotation, thus producing only a partial restraint at one end 
of the column. A similar difference was noted in the results of Series 7. 
The major effect of this difference in load carried is seen in a lower 


calculated effectiveness of the spiral reinforcement. The Lehigh values 4 


are quite generally lower than those found at Illinois. 


Series 3—In this series again a distinct difference was noted in the , | 


results from the two laboratories. The increase in steel stresses due to 
plastic flow was considerably greater at Lehigh than at Illinois. The 
stress in the steel of dry-stored columns at Lehigh subjected to A.C.1. 
working loads for a year increased from 6000 to 37 000 lb. per sq. in. 
for columns having 1144 per cent of longitudinal reinforcement, and 
from 16 000 to 30 000 lb. per sq. in. for columns having 6 per cent of 


reinforcement. The corresponding increases in average stress at Illi- © 


nois were from 7000 to 24 000 with 1% per’cent, and from 12 000 to 
22 000 with 6 percent of longitudinal reinforcement. Two possible 
causes for the difference in results are apparent; a difference in the 
properties of the concrete aggregates used and a difference in the rela- 
tive humidity of the storage room. That such variations could greatly 
influence the amount of plastic flow is known, though their part in the 
present problem has not been definitely proved. The significance of 
this large difference in results under practically parallel conditions is 
that a considerable range in the influence of plastic flow in building 
structures in service may also be found. 

Series 4.— The tests of Series 4, made at Lehigh only, were in- 
tended to determine what load a column might carry indefinitely. Of 
a group of 7 companion columns, 3 were loaded to failure to determiné 
the ultimate strength. Others were subjected to sustained loads of 95, 
90, 80 or 70 per cent of this ultimate load. The columns were made 
of 3500-lb. concrete, with four combinations of reinforcement. In 
Group A (4 per cent vertical, 0 spiral) the columns at 95 and 90 per 
cent of the “ultimate,” failed quickly. One at 80 per cent held its load 
for 700 days with little evidence of distress, then failed very suddenly, 
due to release and reapplication of the load. In Group B (4 per cent 
vertical, 1.2 per cent spiral) the column at 95 per cent ultimate failed 
quickly; one at 90 per cent deflected badly after 65 hours, but when 
released and tested to failure reached 102 per cent of the estimated 
ultimate. A third column at 90 per cent ultimate has sustained the 
load for more than 500 days, though the longitudinal strain has 
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reached 10 times the yield-point strain of the reinforcement. In Group 
C (4 per cent vertical, 2 per cent spiral}, columns at 95 and 90 per 
cent ultimate buckled so badly in one day’s loading that the test was 
discontinued. One at 85 per cent load held its load 300 days, then, 
with release and reapplication of the load, it deflected against the 
loading apparatus, and was removed and tested to failure, reaching a 
load equal to 127 per cent of the original strength of its companion 
columns. A fourth column has carried an 80 per cent load for more 
than 300 days. In Group D (6 per cent vertical, 2 per cent. spiral) 
one column sustained a 90-per-cent ultimate load for 300 days and 
had deflected about 1 inch. When tested to failure it reached a load 
equal to 125 per cent of the original strength of its companion columns. 

The performance of these latter columns, in which the longitudinal 
strains had attained several times the value at which yield point of the 
steel was reached, and in which the outer shell had spalled off badly, 
is a good illustration of the toughness and resistance of such columns. 
The test is an extremely severe one. In practice, no column would 
be permitted to remain in service as badly strained and deflected as 
these were without -repair. The increase in strength with age, even in 
air storage, is also worthy of note. 

Series 7—The results of these tests at the two laboratories showed 
a decided difference in the column loads and in the resulting calcu- 
lated effectiveness of spiral reinforcement, as in Series 2. This ap- 
pears to be due to the difference in end restraint of the columns during 
test. 

With all of these minor differences, which occurred in spite of a 
well-planned schedule of tests, the conformity of the general results 
at the two laboratories was good, and the wisdom of carrying on the 
tests as two independent investigations has been demonstrated. 


45. Summary of Principal Test Results——The outstanding results 
of the investigation may be summarized as follows: 

(1) The cylindrical test column, with plane ends, has proved to 
be a satisfactory type of test column and is believed to be representa- 
tive, as regards structural behavior, of a section of a building column. 
Although building columns generally contain lap splices of vertical 
bars, the tests have also shown that effective action of such splices 
may be secured when a moderate amount of reinforcement is used. 

(2) A fairly general and consistent law of column action has been 
found to hold true for a wide range in amount and quality of ma- 
terials, including the following: 
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(a) Concrete, having compressive strengths from 2000 to 8000 a 


yield point stresses ranging from 39 000 to 96 000 lb. per sq. in. 
(c) Spiral reinforcement, of 1.2 and 2.0 per cent, having useful 
limit stresses ranging from 41 000 to 83 000 lb. per sq. in. 
a These materials were used in columns of varying size, age, and 
: storage conditions. 
(3) The comparison between rapid loading of a test column and 
a “slow” loading, with 4-hr. load increments, showed no effect on the 
ultimate strength developed. The “slow” loading produced an appre- 
ciable but unimportant increase in the measured strains. 

(4) In columns subjected to load, the initial distribution of stress 
between concrete and vertical steel follows the usual elastic theory, 
but if the load is sustained for some time, shortening of the column 
due to shrinkage and plastic flow relieves the concrete and increases 
the steel stress. 

Practically all of the effect of cherie and plastic flow on 
columns held for 344 years under a sustained load was noted in the 
first 6 to 8 months of loading. The total steel stress, under A.C.I. 
design loads, did not generally exceed 26 000 Ib. per sq. in. in the 
Illinois tests, though values of 35 000 to 40 000 were observed in 
similar tests at Lehigh University. The increase in steel stress varied 
inversely with the percentage of vertical reinforcement and was much 
greater for columns in dry storage than for those in moist storage. 
With the intensities of loading used in these tests, the effect of shrink- | 
age was much less than that of flow or time yield. The total steel 


stresses have remained below the yield point of the intermediate grade 
steel commonly used. = 


~ 


(5) The shortening of columns due to time effects under design 
loads, while undesirably large, may be minimized by careful design. 

(6) The redistribution of stress due to shrinkage and flow and the 
resulting development of high steel stresses have no effect upon the 
ultimate strength of a column when tested to failure. 

(7) In the smaller of the test columns having 2-in. protective 
shells the strength contributed by the shell was evidently more than 
that contributed by the spiral reinforcement. From the nature of 
spiral column action, the strength of the shell must be exceeded (with 
accompanying cracking and spalling of the shell, lateral bulging and 
vertical shortening of the column) before the spiral reinforcement can 


per sq. in. a 
; (b) Vertical reinforcing steel, of 1.5, 4.0, and 6.0 per cent, having © | 
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act. Evidently only the excess of the spiral contribution above the 
shell strength is effective in producing column strength, and this con- 
tribution of strength is obtained only after the column has spalled and 
shortened a large amount. 

(8) The shortening of columns at the maximum load reached 0.7 
per cent in some cases with 2 per cent of hot-rolled spirals, and 1.6 
per cent when 2 per cent of cold-drawn wire spirals were used. The 
kind of spiral steel obviously does not affect the yield point of the 


column. While the effectiveness of high-strength spirals (and the 


accompanying gross column deformations) have been demonstrated, it 
seems that the most important function of spiral reinforcement is to 
give “toughness” ( a property similar to ductility in mild steel) to 
the column. The spalling of the shell and the gradual deformation of 


_the column give warning of impending failure, and prevent a sudden 


collapse such as occurs when a tied column fails. So much deformation 


_is required to overcome the spiral resistance near failure that in the 
usual building structure a part of the load may be transferred by the 


floor system to adjoining columns and walls, thus avoiding collapse 
of the over-loaded column. This toughness and reserve strength of 
spiral columns is best recognized in the choice of the factor of safety. 

(9) Columns of different size but made with the same percentage 
of reinforcement, quality of materials, and slenderness ratio, had the 
same strengths per unit area, aside from the effect of shells already 
noted. This independence of size and unit strength justifies the use of 
8-in. columns throughout most of the investigation, and insures the 
applicability of the results to full-sized building columns. 

(10) While the load-carrying effectiveness of vertical steel of very 
high strengths has been shown, it is evident that working stresses in 
such steels may of necessity be governed by the permissible deforma- 
tion of the column. It has been shown that satisfactory lapped ‘splices 
can be used with such steels. 

(11) A general expression covering the ultimate strength of 
spirally-reinforced columns without shells or with light shells is found 
in Equation (1) of Section 10. Using the notation of that section, the 
equation is repeated here. 


s ri, 
Eres eh 2) eR Iasal P fi.’ (1) 

(12) A corresponding expression for the yield point stress of any 
column or for the ultimate strength of tied columns or of spirally- 
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reinforced columns with heavy shells (shells contributing more 
strength than the spiral reinforcement) is found in Equation (2) of 1 
Section 10, repeated here for convenience. i 
Ne 
A, 


OF =e atoe Oa 


(13) The percentage of spiral reinforcement p’ required to provide — 
as much column strength as does the protective shell is given by — 
Equation (6) of Section 31, also repeated here. 


fe’ Ay me A. 
fe ae 

In Equations (1) and (2) the results of the various tests indicate Z 
that the value of the constant C may be taken as 0.85. For the con- 


stant k, the majority of the test values heretofore described ranged 
between 1.5 and 2.5, with an average value .of about 2.0 


p’ = 0.425 (6) | 


46. Considerations Affecting Choice of Design .Formulas—The { 


record of this investigation would not be complete without some in- 
terpretation of the test results and equations which would lead to 
rules and formulas for column design. In the choice of a new design 
formula the principal problem is the selection of the proper factor of 
safety, considered with respect to both the yield point of the column ~ 
and its ultimate strength. The 1928 A.C.I. code formula for spirally- 
reinforced columns (see Section 17) has a varying factor of safety, 
decreasing as the percentage of vertical steel increases. The object 
of this is to avoid excessive stresses and deformations in columns 
having a small percentage of vertical steel, and this seems logical. 
This formula, in common with most others, neglects the effect of thé 
shell in spirally-reinforced columns, though the A.C.I. code permits 
the gross area of tied columns to be used. This places the small 
spirally-reinforced column at a decided disadvantage, even though it 
may actually be stronger and safer than the tied columns. Recog- 
nition of the value of spiral reinforcement may be effected in several 
ways: (a) it may be represented by a term in the equation for the 
column load as in Equation (1), Section 45; (b) the presence of a 
minimum percentage of spiral reinforcement may be recognized in 
the design formula only in the factor of safety used; or (c) the amount 
of spiral may be set as a certain proportion of the amount of vertical 
steel, and terms for the two combined as one in the formula. Method 
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(b) was used in the Joint Committee Report in 1917,* and seems 


] preferable, since the quality thus recognized is ability to provide 


toughness rather than column strength. A desirable feature of a 
column formula is that it be simple and easily adaptable to permit 
consideration of combined axial and bending stress. 

The following derivation and formulas were given in the Final Re- 
port of Committee 105, American Concrete Institutet} and are based 
on the foregoing test results. In choosing a formula for spirally-re- 
inforced columns, the following steps were taken. To insure effective- 
ness of spiral action the spiral percentage was specified to be sufficient 
to balance (or slightly exceed) the shell strength, as given by Equa- 
tion (6), Section 45. This makes it possible to express the ultimate 
column strength by either Equation (1) or Equation (2), Section 45. 
Using Equation (2), the column strength may be expressed in terms 
of the gross area of the column. A range in permissible percentages 
of vertical steel from 1 to 8 per cent, based on gross area, has been 


chosen. The maximum value is very near the limit of practical design 


as governed by bar spacing requirements with lap splices. To intro- 
duce a varying factor of safety a value of 3 is used with 1 per cent of 
vertical steel and 2.5 with 8 per cent of vertical steel. Dividing the 
ultimate strength from Equation (2) by these factors of safety at the 
two limits of p,, and joining the values by a straight line, a design 
relation is obtained which may be closely represented by the equation 


= 0.25 fc’ + 0.45 fy Dg (7) 


+49 
The range of values to be used in Equations (6) and (7) are 
f-’ = 2000 to 5000 lb. per sq. in. 
fy = minimum specification values; 40 000 1b. per sq. in. for inter- 
mediate-grade steel and 50 000 Ib. per sq. in. for hard-grade 
steel. 
f.’ = useful limits as found by test, but not to exceed 40 000 lb. 
per sq. in. for hot-rolled spirals, or 60 000 for cold-drawn 
wire spirals. 
0.01 to 0.08. 


Po 


In addition to the requirements of Equation (6) it seems desirable 
to specify flat minimum percentages of spiral reinforcement of #4 per 


*Final Report of Joint Committee on Concrete and Reinforced Concrete, Proc. A.8.T.M., 


J \ t+ I, p. 202, 1917. ace 
ae frival alee of Committee 105, Reinforced Concrete Column Investigation, Proc. A.C.L., 


Vol. 29, p. 275, 1933. 
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cent for cold-drawn wire and 50 per cent more than this for hot-rolled 
rod. 
It is evident that the amount and quality of the spiral reinforce- 
ment are recognized in Equation (6) but not in Equation (7). The — 
spiral requirements of Equation (3) may be standardized for any * 
given size and shape of column. as 

Equation (7) is linear and very simple to apply. It involves 3s 
variable factor of safety not less than 2.5 for the specified limits of py 
(and not less than 2.25 if the limit of py—0.08 were grossly exceeded). 
Whether these factors of safety are sufficiently large, in view of the © 
fact that present design methods do not adequately provide for con- — 
sideration of bending stresses which are present in practically any — 
building column, is a matter of judgment, and not of test data. For 
columns of structural steel, in which consideration of bending stresses 
due to initial accidental eccentricities is given, values of the factor — 
of safety as low as 1.7 have been proposed. If a larger factor of safety © 
for reinforced concrete columns is desirable it would be a simple 
matter, following the procedure outlined in the foregoing, to modify 
Equation (7), reducing the constants the desired amount, but preserv- 
ing the linear form of the equation. 

It is to be noted that a column designed by Equation (7) will have 
a yield point very close to the ultimate load, with the spiral coming 
into play only to produce toughness and gradual failure. The action of 
the column below the yield point is similar to that of a tied column, 
except that the spiral provides further security against premature 
buckling of vertical bars if they become highly stressed due to 
shrinkage and plastic flow. 

For tied columns, the difference in reliability and resistance is 
recognized and provided for by the use of a larger factor of safety.» 
It is believed that a proper recognition of relative strengths is obtained 
by using an equation for tied columns similar to Equation (7), but 
with a factor of safety 25 per cent larger. The equation becomes 


= 0.20f.’ + 0.36 f, p, (8) 
9 ’ 

| Design limitations on bar spacings and the arrangement of spiral 
reinforcement and ties have been developed in practice, and it is not 
the purpose of this discussion to specify these details of design. 


47. Conclusion —Effort has been directed in this bulletin pri- 
marily to the description of the test program and an analysis of the 


ro, 


‘ abated felon pieces to include the effect of ee 
38s Ss been kept in mind. 


